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ABSTRACT
In this work, we provide the theoretical and empirical framework to establish RR Lyrae stars
(RRL) as the anchor of a Population II distance scale. We present new theoretical period-
luminosity-metallicity (PLZ) relations for RRL at Spitzer and WISE wavelengths. The PLZ rela-
tions were derived using nonlinear, time-dependent convective hydrodynamical models for a broad
range in metal abundances (Z=0.0001 to 0.0198). Our theoretical PLZ relations were also combined
with multi-wavelength observations to simultaneously fit the distance modulus, µ0, and extinction,
AV , of individual Galactic RRL in our sample. The results are consistent with trigonometric par-
allax measurements from the Gaia mission’s first data release. This analysis has shown that when
considering a sample covering a typical range of iron abundances for RRL, the metallicity spread
introduces a dispersion in the PL relation on the order of 0.13 mag. However, if this metallicity
component is accounted for in a PLZ relation, the dispersion is reduced to ∼ 0.02 mag at MIR
wavelengths. On the empirical side, we present the analysis of five clusters from the Carnegie RR
Lyrae Program (CRRP) sample (M4, NGC 3201, M5, M15, and M14). M4, the nearest one of
the most well studied clusters, was used as a test case to develop a new data analysis pipeline
for CRRP. Following the analysis of the five clusters, the resulting calibration PL relations are
M[3.6] = −2.424 ± 0.079 logP − 1.205 ± 0.057 and M[4.5] = −2.425 ± 0.076 − 1.225 ± 0.057. The
slope of the PL relations was determined from the weighted average of the cluster results, and the
zero point was fixed using five Galactic RRL with geometric parallaxes measured by Hubble Space
Telescope. The dispersion of the RRL around the PL relations ranges from 0.05 mag in M4 to
0.3 mag in M14. The resulting band-averaged distance moduli for the five clusters agree well with
results in the literature. The systematic uncertainty will be greatly reduced when parallaxes of
more stars become available from the Gaia mission, and we are able to use the full CRRP sample
of 55 Galactic RRL to calibrate the relation.
1CHAPTER 1. INTRODUCTION AND BACKGROUND
For as long as astronomy has existed, we have been trying to measure the distances to the
stars. Understanding the world around us provides important context to our place in the Universe.
Mapping the stellar structure of galaxies can also greatly inform our knowledge of how galaxies form
and evolve. Today, we have discovered a variety of distance indicators, and are constantly looking
for the next ”standard candle”. A standard candle is an object with a predictable luminosity that
can be used as a cosmic yardstick to measure distances in astronomy. The various standard candles
that are valid for different distances are assembled together into the extragalactic distance ladder.
The ultimate goal of the distance ladder is to measure the Hubble constant, H0, a fundamental
cosmological parameter that determines, among other quantities, the expansion rate and age of the
Universe. The accuracy of H0 has profound impact on cosmological experiments, and is vital to
measure the dark energy equation of state (Hu, 2005).
1.1 The extragalactic distance ladder
While many techniques to measure distance exist, here I give a brief overview of the traditional
distance ladder (Figure 1.1) relevant to this dissertation. The extragalactic distance ladder is
assembled from both direct methods, where the distance can be determined using geometry, and
standard candles. The distance, d, to a standard candle is derived from the inverse square law,
F = L/4pid2, where F is the measured flux and L the predicted luminosity. In practice, we measure
the brightness of stars in magnitudes, m −m0 = −2.5 log(F/F0), and distances as the difference
in the apparent magnitude, m, and the absolute magnitude, M , which is defined as the magnitude
as it would be measured at a distance of 10 parsecs (pc; 1 pc = 3.26 light years). This quantity is
called the distance modulus, µ0, and is related to the distance measured in pc as follows:
µ0 = m−M = 5 log d− 5 (1.1)
2Figure 1.1: The traditional extragalactic distance ladder used to derive the Hubble constant.
Since it is the most accurate technique, the extragalactic distance ladder is anchored on a
geometric method called trigonometric parallax, which measures the angular displacement of nearby
stars as Earth orbits the Sun. The distance of a star in pc is then given by the inverse of the parallax
angle in arcseconds. On Earth-based observatories, the resolution of telescopes are limited by
atmospheric turbulence, and we can measure a minimum parallax angle of 0.01′′, which corresponds
to a distance of 100 pc. The European Space Agency (ESA) launched the Hipparcos satellite in
1989, which provided parallax measurements for 100,000 stars, and accurate stellar distances out
to 1 kpc (ESA, 1997). In 2013, ESA launched their followup mission, Gaia, which will drastically
improve both the quantity and quality of parallax measurements (Gaia Collaboration et al., 2016b).
By the end of mission, Gaia expects to provide stellar distances to better than 10% accuracy within
10 kpc, a factor of one hundred further than possible with ground based observations.
3Beyond the practical reach of trigonometric parallax, we rely on standard candles. In 1908,
Henrietta Leavitt discovered that the pulsation period of Cepheid variables in the Large Magellanic
Cloud (LMC) was correlated with their brightness (Leavitt, 1908). Cepheids are young, massive,
evolved stars that are undergoing radial pulsation, so their brightness varies regularly over the
period of a few days. The Cepheids observed by Leavitt are all located within the Large Magellanic
Cloud (LMC), a satellite galaxy of our own Milky Way. Therefore, we can consider them to be
at the same distance, and from the period-magnitude relation, we can infer a period-luminosity
(PL) relation. This is now known as the Leavitt law, which established Cepheid variables as a
standard candle, and the Leavitt law as the next rung on the distance ladder. Figure 1.2 shows the
Leavitt law measured by Leavitt and Pickering (1912) in the Small Magellanic Cloud (SMC) using
both the maximum and minimum brightness of the Cepheids. Because Cepheids are bright and
easily identifiable from their variations, they can be observed within the Local Group of galaxies.
However beyond tens of Mpc, individual Cepheids can no longer be resolved, and a new standard
candle is needed.
Figure 1.2: The period-luminosity relation measured by Leavitt & Pickering (1912) for Cepheid
variables in the Small Magellanic Cloud.
4Several nearby galaxies with known Cepheids also host Type Ia Supernovae (SNe Ia). The
progenitor of SNe Ia is still an active area of research, but it has been accepted that they have
a characteristic peak brightness of MV ≈ −19 mag. Clearly, SNe Ia are extraordinarily bright
(14 magnitudes brighter than Cepheids), and are visible in galaxies out to the Gpc range, making
them an ideal standard candle and the next rung on the distance scale. SNe Ia are not without
their drawbacks however. The dispersion in peak brightness is fairly large (∼ 0.16 mag), which
limits their precision as distance indicators (Folatelli et al., 2010). This affect can be compensated
for via a correlation between the peak brightness and the shape of their light curve, as bright
SNe Ia decline in brightness slower than fainter SNe Ia (Phillips, 1993). After correcting for this
affect, the dispersion around the peak brightness is still on the order of 0.1 mag, and the cause
for this variation is still up for debate (Wolf et al., 2016). SNe Ia are also rare, and difficult to
detect. Currently, the distances to only 19 SNe Ia are calibrated using the corresponding Cepheid
based distance of their host galaxies (Riess et al., 2016). From there, Riess et al. (2016) derive the
distances to ∼ 300 SNe Ia in a magnitude–redshift relation. There are several ongoing projects to
identify SNe Ia, including the Carnegie Supernove Project (Folatelli et al., 2010) and the SDSS-II
Supernova Survey (Wolf et al., 2016).
In a famous paper by Edwin Hubble, the recessional velocities of galaxies were found to be
proportional to their distance (Hubble, 1929). This relation, the Hubble Law, is the final rung in
the distance ladder, and had profound impacts in astronomy. The slope of the relation (vr = H0d)
is the Hubble constant, and implies that the Universe is expanding. The recessional velocity of
galaxies is given by vr = cz, where c is the speed of light and z is the Doppler redshift.
1.2 The Hubble constant
As late as the 1990’s, there was a fierce debate on the value of the Hubble constant. The Hubble
Space Telescope H0 Key Project was established to accurately measure H0 through a self-consistent
Cepheid based distance ladder (Freedman et al., 2001). With the Key Project’s measurement of
H0 = 72± 3± 7 km/s/Mpc, the controversy seemed to be resolved.
5In recent years however, we have seen a growing tension in the value of H0 when measured
with either local (the distance scale anchored on Cepheid variables) or cosmological (modeling
the Cosmic Microwave Background, CMB) techniques. The two most recent values of the Hubble
constant estimated using the Cepheid distance scale come from the Carnegie Hubble Program (CHP)
who measure H0 = 74.3 ± 2.50 km/s/Mpc (Freedman et al., 2012) and the Supernovae, H0, for
the Equation of State of Dark Energy (SH0ES) who measure H0 = 73.0± 1.75 km/s/Mpc (Riess
et al., 2016), which are at the 2-3% precision level. These measurements come from two independent
groups, and are in complete agreement with each other. On the cosmological side, recent estimates
include H0 = 67.8 ± 0.90 km/s/Mpc (Planck Collaboration et al., 2016) and H0 = 68.2 ± 0.60
km/s/Mpc (DES Collaboration et al., 2017). These results are also in complete agreement with
each other, at an even higher quoted precision of 1.3%. However, the mean value of H0 measured
using Cepheid distance scale methods is more than 3σ from the mean value of CMB modeling
results (Riess et al., 2016), and the values are diverging as better CMB maps become available
(Figure 1.3). Either there is new physics to be discovered and accounted for in the CMB models,
or there are systematics affecting one of the two methods that we do not understand. For the
reader that is interested in more detail, an excellent overview of the current tension in H0 is given
in Beaton et al. (2016).
In an effort to resolve this tension, we move to RR Lyræ variables (RRL), which are the anchor
for a new independent distance scale. RRL are a popular tracer for old stellar populations, as they
are abundant in the globular clusters, halo and bulge of galaxies (Vivas and Zinn, 2006; Dkny et al.,
2013; Pietrukowicz et al., 2015). The distinct advantage of RRL is that being old stars, they are
found in both late and early type galaxies, thereby increasing the available sample of Type Ia SN
hosts, the next rung on the distance scale.
1.3 Physics of RR Lyrae stars
RRL are low mass (∼ 0.7Msun) stars that have evolved off of the Main Sequence and are
undergoing core helium and shell hydrogen fusion. They are located on the horizontal branch in the
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Figure 1.3: Comparison of recent measurements of H0. Methods that are dependent on classical
Cepheids are plotted with magenta symbols, while measurements that rely on CMB modeling are
plotted with cyan points. As shown here, there is a > 3σ tension in the mean value determined
when using the two different (local and cosmological) techniques. Figure modified from Beaton et
al. (2016).
instability strip, which is a region of the Hertzpring-Russell diagram in which the stellar structure is
pulsationally stable (Figure 1.4). Stars located within this region are popular choices for standard
candles, since they typically obey Leavitt laws. RRL (and most other pulsating variable stars)
radially pulsate due to the κ-mechanism, which is a heat engine driven by changes in the opacity.
As the star compresses, the temperature in the second helium ionization zone remains constant as
the energy released during compression goes into ionization. According to Kramer’s opacity law,
κ ∝ ρT−7/2, the opacity will increase and trap the energy in the layers beneath this zone. As the
energy builds up, the pressure rises and begins pushing the ionization layer outwards, which in turn
decreases temperature until the ionization reverses (the doubly ionized helium is able to recapture
7Figure 1.4: Hertzsprung-Russel diagram (luminosity versus temperature) with the location of the
instability strip marked.
an electron) and opens the valve and lets the trapped energy escape. The ionization layer now
drops again since the pressure has dropped and the cycle repeats. The second helium ionization
occurs at temperatures of roughly 40,000K. For hot stars (Teff ∼ 7500K) the ionization zone is
located too close to the surface of the star, and there is insufficient mass to drive pulsations. For
cooler stars (Teff ∼ 5500K) the ionization zone is too deep in the stellar interior, where convection
is more efficient. Therefore, the instability strip occupies a narrow region of the HR diagram
(Figure 1.4).The radial pulsation of RRL causes periodic changes in the brightness of the star, and
these brightness variations are dependent on two factors. First, the radial pulsations cause a change
in the surface area of the star, which produce a wavelength independent variations in brightness.
Second, the surface temperature of the star varies over the cycle, and this causes a variation in
brightness that is sensitive to the wavelength you observe in. To demonstrate this, stellar emission
can be approximated as a blackbody, and is defined by the Planck function:
Bλ(T ) =
2hc2/λ5
ehc/λkT − 1 (1.2)
The optical passbands are located near the peak of the Planck function, and the corresponding
brightness is highly sensitive to temperature (F ∝ T 4). The wavelength regime of Spitzer however,






Here, the variation in temperature across the pulsation cycle has a much smaller effect, and the
brightness variations observed are dominated by the radial variation. This is demonstrated in
Freedman and Madore (2010), where the light curves of Cepheid variables (which operate under
the same pulsation mechanism as RRL) were decomposed into their temperature and radial com-
ponents. The derived radial light curve is well matched to observed near-IR K band light curves,
as shown in Figure 1.5.
1.4 RR Lyrae stars in the distance scale
Historically, RRL have been used in the distance scale by employing a correlation between
their absolute magnitude in the V band and their metal abundance, MV - [Fe/H] (Chaboyer
et al., 1996; Bono et al., 2003; Cacciari and Clementini, 2003), or statistical parallax (Kollmeier
et al., 2013; Dambis et al., 2013). However, the MV - [Fe/H] relation suffers from a large (≈ 5%)
intrinsic scatter (Cceres and Catelan, 2008) which prevents its use as a high-precision distance
indicator. In addition, this relation suffers from evolutionary effects and uncertainties related
to the metallicity scale and/or α enhancement. Moreover, it is possibly nonlinear on the whole
observed RRL metallicity range (Caputo et al., 2000).
It wasn’t until the work of Longmore et al. (1986) that Leavitt laws of RRL were discussed.
While the PL relation is flat in the V band (they are after all on the horizontal branch of the V ,
B−V color-magnitude diagram), they were able to show that a true PL relation does appear when
you move into the infrared bands. At the time however, the challenges of infrared photometry
prevented its widespread use. However, the infrared RRL PL relation was rediscovered by Dall’Ora
et al. (2004), and since then many empirical and theoretical studies have been carried out. It is now
apparent that the slope of the PL relation becomes steeper with increasing wavelength, ranging
from −1.2 in the R band to −2.2 in the K band (Catelan et al., 2004; Marconi et al., 2015). For
9Figure 1.5: Example of the photometric decomposition of a Cepheid variable. The B − V color
curve was used to estimate the variation in log(Teff ) and subtracted from the V light curve to
derive the radial component (F, top). The K band light curve (small closed circles) is well matched
to the predicted radial variation. Figure from Freedman & Madore (2010).
λ > 2.2µm, the slope of the PL relation becomes almost constant (Neeley et al., 2017), and the
brightness variations is driven mainly by the star’s radial variation, while they are convolved with
effective temperature variations in the optical bands (Madore and Freedman, 2012).
There are numerous other advantages of conducting distance studies in the infrared. The
intrinsic dispersion of the RRL PL relations steadily decreases when moving from the optical to
the infrared bands. This trend is due to the fact that starting from the near-infrared (NIR) cooler
RRLs are steadily brighter than hotter ones, due to the stronger temperature sensitivity of the
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bolometric correction (Bono, 2003). As a consequence, infrared PL relations are only marginally
affected by the intrinsic width in temperature of the instability strip, since they almost mimic
a period-luminosity-color relation. Furthermore, the instability strip itself becomes narrower at
longer wavelengths, and as a consequence the color term responsible for the intrinsic dispersion on
the PL relations vanishes (Catelan et al., 2004; Madore and Freedman, 2012; Marconi et al., 2015).
This means that at MIR wavelengths PL relations provide for more precise distance indicators
(Braga et al., 2015). Infrared observations are also less affected by reddening, due to the power-law
dependency of the extinction laws (λ−β, with β ∼ 1.6 to 1.8; Bono et al. 2016). This translates
into a smaller uncertainty of reddening and differential reddening, when compared to the V -band,
by a factor ranging from four (J) to ten (K). In the L and M bands extinction is further reduced,
reaching its minimum values with AV /Aλ ≈ 15 and 20, respectively. This is a huge advantage when
inspecting highly- and differentially-reddened targets, such as the Galactic bulge (Nishiyama et al.,
2009).
1.5 The Carnegie RR Lyrae Program
The Carnegie RR Lyrae Program (CRRP) aims to take full advantage of the unique charac-
teristics of RRL in order to reduce the remaining sources of uncertainty in the Hubble constant to
±2%. MIR PL relations for RRL will be used as the foundation of an independent Population II
cosmological distance scale to calibrate TRGB distances for nearby distances, which in turn can
be used to calibrate Type Ia Supernova distances. To achieve this goal, we observed over 1,700
RRL variables in 36 selected GGCs, as well as ∼ 3, 000 RRL in strategically distributed areas in
the Galactic Halo and the Bulge. In addition, we observed 55 of the nearest, brightest and less
reddened RRL stars intended to be used as zero point calibrators. These observations have been
conducted during the warm mission of the Spitzer Space Telescope (Werner et al., 2004) Infrared
Array Camera (Fazio et al., 2004), at 3.6 and 4.5 µm wavelength, with a cadence designed to obtain
complete coverage of each RRL variable over at least one full period. The distribution on the sky,
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the metallicities, the periods, and the number of RRL of our Galactic calibrator and cluster samples
are summarized in Figure 1.6.



































Figure 1.6: In the left panel, we summarize the CRRP sample of Galactic calibrator RRL. The
distribution of sources on the sky are shown on top, and metallicity and period distributions on
the bottom. In the right panel, we summarize the CRRP Galactic globular cluster sample. The
distribution on the sky is on top, while the distribution of metallicity and number of known RRL
on the bottom.
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CHAPTER 2. THEORETICAL PERIOD–LUMINOSITY–METALLICITY
RELATIONS
2.1 Introduction
RR Lyræ variables (RRLs) are popular choices for standard candles given their abundance
throughout the galaxy. Unlike their higher mass counterpart, classical Cepheids, RRLs do not
obey a well defined period-luminosity (PL) relation at visible wavelengths. As a consequence,
their usefulness as distance indicators has been historically limited to the adoption of a luminosity-
metallicity relation characterized by a rather large (≈ 5%) intrinsic scatter (Cceres and Catelan,
2008).
Several theoretical and empirical arguments however indicate that RRLs become a solid dis-
tance indicators when moving from the optical to the infrared bands. As described at length in
(Bono et al., 2016), the main reasons are three-fold: (1) the slope of the Leavitt law becomes
constant at wavelengths longer than the K band, (2) the intrinsic dispersion steadily decreases
when moving from the optical to infrared bands, and (3) infrared observations are less affected by
reddening. To explore the detailed physics behind of these remarkable properties, (Marconi et al.,
2015) used new, time- and metal-dependent convective hydrodynamic models to derive a theoretical
calibration for the period-luminosity-metallicity (PLZ), period-Wesenheit-metallicity (PWZ) and
metal-independent period-Wesenheit (PW) relations of RRL. These relations have been published
in the optical (Johnson-Kron-Cousins BV RI) and NIR (2MASS JHKs) wavelength regimes (Mar-
coni et al., 2015), and tested by fitting average magnitudes of RRLs in the Galactic globular cluster
M4 (Braga et al., 2015) and in the dwarf spheroidal galaxy Carina (Coppola et al., 2015). On
the other hand, similar analysis in the mid-infrared (MIR), where the extinction is lower and the
intrinsic temperature-dependent scatter is at its smallest, are lagging. Several authors (Klein et al.,
2011; Madore et al., 2013; Neeley et al., 2015) have derived empirical calibration for Galactic RRL
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MIR Leavitt laws, but their zero point calibration is based on just five stars for which ≈ 10% accu-
racy Hubble Space Telescope (HST) Fine Guidance Sensor (FGS) parallaxes are available (Benedict
et al., 2011). A detailed theoretical analysis of RRL PLZ relations in the MIR is missing. To fill
this gap we decided to extend the detailed investigation of RRL pulsation properties provided by
(Marconi et al., 2015) in order to derive a theoretical calibration of RRL PLZ and PWZ relations
in the MIR. In this chapter we focus on the MIR bands available for the InfraRed Array Camera
(IRAC, Fazio et al. 2004) onboard the Spitzer Space Telescope (Werner et al., 2004), as well as the
passbands of the Wide-field Infrared Survey Explorer (WISE, Wright et al. 2010).
Our choice of filters is motivated by two reasons. Firstly, both IRAC and WISE provide a
large archive of Galactic and extragalactic observations with thousands of RRL observed in one or
multiple epochs. These include the “warm” Spitzer observational campaigns part of the Carnegie
RR Lyrae Program (CRRP) and the Spitzer Merger History and Shape of the Halo (SMHASH)
program, aiming to provide multi-epochs light-curves of RRLs in the halo and bulge of the Milky
Way, as well as in dwarf galaxies and tidal streams. Secondly, the wavelength range covered by
IRAC and WISE will be available as part of the James Webb Space Telescope (JWST) Near
Infrared Camera (NIRCam) and the Mid-Infrared Instrument (MIRI) imagers. The NIRCam wide
filters F356W and F444W, in particular, are analog to the IRAC warm passbands at 3.6 and 4.5 µm.
The predicted sensitivity of these two filters (13.8 and 24.5 nJy for F356W and F444W for a 10σ
detection in 10,000 sec integration1) will allow to detect RRLs at a distance modulus as high as
∼ 26, covering a significant portion of the Local Group, at least in galaxies where the ∼ 0.2 arcsec
resolution will be sufficient to beat confusion. This will open the possibility of using RRL distances
to precisely calibrate secondary distance indicators independently from Cepheids, with the goal to
provide a Population II route to the cosmological distance scale (Freedman et al., 2012; Beaton
et al., 2016).
A detailed description of the models, and the procedure we followed to derive the PLZ and
PWZ relations in the IRAC and WISE bands, is presented in Section 2.2. To test the reliability
1http://www.stsci.edu/jwst/instruments/nircam/sensitivity/table
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of our theoretical relations in providing accurate distance estimates of individual stars, we have
collected average magnitudes for a sample of Galactic RRLs with a broad range of metallicity. These
observations are presented in Section 2.3. We compare our theoretical PLZ relations to empirical
PL and PLZ relations from the literature in Section 2.4. In Section 2.5 we use our synthetic PLZ
relations to fit new distance moduli and visual band extinctions for Galactic RRL, and compare
these results to distance estimates derived from parallax measurements.
2.2 Theoretical framework
Theoretical models allow us to derive new theoretical MIR PLZ relations, by adopting the same
models and following the same steps described in (Marconi et al., 2015). For a detailed discussion
on the models, see Section 2 of the quoted paper. Here, we want to stress only a few major points.
i. The models span a large range in metallicity. Seven different values of Z ranging from 0.0001
to 0.0198 (α-enhanced chemical mixture) are taken into account.
ii. For each metallicity, from two to four different luminosity levels are included for both funda-
mental (FU) and first overtone (FO) pulsators, to take into account evolved RRLs that are
brighter than the zero-age horizontal branch (ZAHB). The four logarithmic luminosity levels
are logLZAHB (A), logLZAHB + 0.1 (B), logL of He exhaustion (D), and logLZAHB + 0.2
with mass 10% lower than the other models (C).
iii. The effective temperatures range between 7200 (bluest model on the ZAHB) to 5300 K
(reddest model of the brightest luminosity level) with steps of 100 K. The individual A,
B, C and D sequences include between four to eleven FU models and between two to seven
FO models. This range covers the entire temperature width of the instability strip.
In (Marconi et al., 2015) we transformed the bolometric light curves of the quoted grid into
the 2MASS JHKs and the UBV RI photometric bands using the bolometric corrections and color-
temperature relations obtained from the synthetic spectra provided by (Castelli and Kurucz, 2003).
To transform the same models into the IRAC and the WISE photometric bands, we decided
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to perform a test to estimate the impact that different sets of synthetic spectra have on MIR
bands. In particular, we used the atmosphere models provided by Brott and Hauschildt (2005) for
2000 K ≤ Teff < 10, 000 K (log g in [-0.5, 5.5]) and by Castelli and Kurucz (2003) for 10, 000 K ≤
Teff < 50, 000 K (log g in [0.0,5.0]), following the scheme described in Girardi et al. (2002).
The adopted synthetic spectra are available for a wide range of [Fe/H], namely for−4.0 < [Fe/H]<
+0.5. The Brott and Hauschildt (2005) spectra are also available for several [α/Fe] values in [-
0.2, +0.8] with a spacing of 0.2 dex, while the Castelli and Kurucz (2003) are computed only for
[α/Fe]=0.0 and +0.4. For the present calculations we adopted the spectra with [α/Fe]=+0.4 in both
cases. We converted the [Fe/H] of each synthetic spectrum into the total metallicity Z. We prefer
to avoid the use of [Fe/H] because the two spectral libraries adopt different assumptions concerning
the solar heavy element abundances (solar mixture). This means that the ensuing [Fe/H] value at
the same total metallicity—Z—changes by changing the solar mixture. In particular, the Brott and
Hauschildt (2005) adopted the Grevesse and Noels (1993) solar abundances whereas the Castelli
and Kurucz (2003) the Grevesse and Sauval (1998). We obtained the bolometric corrections (BC)
for all the Teff , log g and [Fe/H] (Z) values available in the spectral library. Then, we computed
the magnitudes by interpolating the BC tables at the requested Teff , log g and total metallicity Z
along each bolometric light curve. The transformations were computed for the two different sets of
atmosphere models and we found that the difference is negligible. Data plotted in Figure 2.1 show
that the difference in MIR mean magnitudes ranges from a few thousandths close to the blue (hot)
edge of the instability strip, to at most one hundredth of a magnitude close to the red (cool) edge
of the instability strip. This data refers to a sequence of FU models constructed at fixed mass,
luminosity, and chemical composition (see labeled values). The difference is minimal over the entire
grid of models, and therefore for homogeneity with previous predictions, we decided to use the BC
and the CT relations provided by (Castelli and Kurucz, 2003).
Finally, we have fitted the periods, mean magnitudes and metallicities—now transformed into
iron abundances—and obtained the coefficients of the PLZs. The mean magnitudes for the entire
grid of models are given in Tables A.1 and A.2 for the FO and FU pulsators respectively. The
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Figure 2.1: Top: Difference in [4.5] magnitudes as a function of the effective temperature for a set
of FU models computed at fixed stellar mass (0.716 MSun), luminosity (logL/LSun), and chemical
composition (Z = 0.0003, Y = 0.245). Bolometric light curves predicted by hydrodynamical
pulsation models were transformed into the observational plane by using color-temperature relations
provided by CK03 and by BH05. Teff spans the range between the blue and red edge of the
instability strip. Bottom: same as the top, but for the [3.6] magnitudes.
coefficients are given in Table 2.1, and the relations for four metallicities ([Fe/H] from 0 to -3.0
dex) are plotted in Figure 2.2. We also obtained the coefficients for two and three band period-
Wesenheit-metallicity (PWZ) relations, where the Wesenheit magnitude is defined as W (B1, B2) =
MB1 − α(MB1 −MB2) or W (B1, B2, B3) = MB1 − α(MB2 −MB3). The coefficients of the color
term, α, have been fixed according to the reddening law we have adopted (Cardelli et al., 1989).
The coefficients for the color term and the PWZ relations are given in Tables A.3 and A.4 for two
and three band PWZ relations.
By comparing the results with those obtained by (Marconi et al., 2015) in their Table 6, we
outline that i) The dispersion of the relations is constant (within 0.01 mag) in the wavelength range
from the H to the W4 band, with values of the order of σFO=0.02 mag, σFU=0.03-0.04 mag and
σFO+FU=0.04 mag. ii) The zero points, the slopes and the metallicity coefficients of the relations
17
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Figure 2.2: Predicted RRL period-luminosity-metallicty relations for IRAC (solid lines) and WISE
(dashed lines) bands. Left panels show separate RRc and RRab relations, while the right panels
show the fundamentalized relations. Four metallicities are plotted from [Fe/H] = 0 (bottom black
line) to [Fe/H] = −3.0 (top red line).
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Table 2.1. Theoretical MIR Period–Luminosity–Metallicity relations for RR Lyrae.
RRc RRab fundamentalized
PLZa a b c σ a b c σ a b c σ
— Spitzer —
IRAC1 -1.344 -2.718 0.152 0.021 -0.786 -2.276 0.184 0.035 -0.793 -2.251 0.180 0.037
±0.024 ±0.046 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
IRAC2 -1.348 -2.720 0.153 0.021 -0.775 -2.262 0.190 0.036 -0.785 -2.239 0.185 0.038
±0.024 ±0.046 ±0.004 ±0.007 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
IRAC3 -1.352 -2.724 0.153 0.021 -0.786 -2.273 0.188 0.035 -0.795 -2.250 0.184 0.037
±0.023 ±0.046 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
IRAC4 -1.355 -2.728 0.155 0.021 -0.798 -2.288 0.186 0.035 -0.805 -2.264 0.183 0.036
±0.023 ±0.046 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.017 ±0.003
— WISE —
WISE1 -1.341 -2.716 0.152 0.021 -0.784 -2.274 0.183 0.036 -0.790 -2.247 0.180 0.037
±0.024 ±0.047 ±0.004 ±0.007 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
WISE2 -1.348 -2.720 0.153 0.021 -0.774 -2.261 0.190 0.036 -0.784 -2.237 0.185 0.038
±0.024 ±0.046 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
WISE3 -1.357 -2.731 0.157 0.021 -0.800 -2.292 0.188 0.035 -0.807 -2.267 0.185 0.036
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
WISE4 -1.355 -2.735 0.166 0.020 -0.799 -2.298 0.196 0.034 -0.805 -2.274 0.193 0.036
±0.022 ±0.044 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.017 ±0.003
aThe PLZ relations of the form: MX= a + b×log P + c×[Fe/H].
from the K to the W4 band are almost identical within 1σ. Also the errors on the coefficients are
constant within 0.01 mag (or mag/dex).
2.3 Optical, near-infrared, and mid-infrared data
To test the model PLZ relations described in Section 2.2, we have compiled multi-wavelength
observations for a sample of 55 nearby Galactic RRL. The sample was based on stars included in
the Hipparcos catalog, and limited to stars with V < 11 mag, AV < 0.5, and an expected final Gaia
parallax with 2-3% accuracy. Most of the observations were collected as part of the Carnegie RR
Lyrae Program (CRRP, PID 90002). The pulsation period, metallicity, extinction, and available
distance moduli of the stars in our sample are listed in Table 2.2. All data has been homogenized to
the following photometric system: Kron-Cousins RI, 2MASS JHKs, Spitzer S19.2 [3.6] and [4.5],
and WISE W1, W2 and W3.
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Table 2.2: Galactic RR Lyrae sample
Name RA Dec Period [Fe/H] Type
AB Uma 12:11:14.59 47:49:43.8 0.599593 -0.49 RRab
AE Boo 14:47:35.26 16:50:43.6 0.314893 -1.39 RRc
AM Tuc 01:18:30.65 -67:55:05.0 0.405769 -1.49 RRc
AN Ser 15:53:31.05 12:57:40.1 0.522069 -0.07 RRab
AP Ser 15:14:00.92 09:58:51.8 0.340789 -1.58 RRc
AV Peg 21:52:02.79 22:34:29.4 0.390378 -0.08 RRab
BB Pup 08:24:22.65 -19:32:31.4 0.48054884 -0.60 RRab
BH Peg 22:53:01.04 15:47:16.6 0.640991 -1.22 RRab
BX Leo 11:38:02.07 16:32:36.2 0.362757 -1.28 RRc
CS Eri 02:37:05.76 -42:57:48.1 0.311332 -1.41 RRc
CU Com 12:24:46.61 22:24:28.2 0.405757 -2.38 RRd
DH Peg 22:15:25.64 06:49:21.5 0.255514 -1.24 RRc
DX Del 20:47:28.36 12:27:50.7 0.472619 -0.39 RRab
HK Pup 07:44:46.80 -13:05:56.3 0.734254 -1.11 RRab
MT Tel 19:02:12.28 -46:39:12.1 0.316899 -1.85 RRc
RR Cet 01:32:08.17 01:20:30.2 0.553027 -1.45 RRab
RR Gem 07:21:33.53 30:52:59.5 0.397316 -0.29 RRab
RR Leo 10:07:43.46 23:59:30.3 0.452392 -1.60 RRab
RR Lyr 19:25:27.91 42:47:03.7 0.566805 -1.39 RRab
RU Psc 01:14:26.04 24:24:56.4 0.390261 -1.75 RRc
RU Scl 00:02:48.11 -24:56:43.1 0.493347 -1.27 RRab
RV CrB 16:19:25.85 29:42:47.6 0.331593 -1.69 RRc
RV Oct 13:46:31.75 -84:24:06.4 0.571169 -1.71 RRab
RV Uma 13:33:18.08 53:59:14.6 0.468069 -1.20 RRab
RX Eri 04:49:44.29 -15:44:28.3 0.587246 -1.33 RRab
RZ Cep 22:39:13.18 64:51:30.6 0.308645 -1.77 RRc
ST Boo 15:30:39.23 35:47:04.3 0.622291 -1.76 RRab
ST CVn 13:57:34.06 29:51:28.7 0.329065 -1.07 RRc
SU Dra 11:37:56.61 67:19:47.1 0.660419 -1.80 RRab
SV Eri 03:11:52.11 -11:21:14.1 0.713863 -1.70 RRab
SV Hya 12:30:30.50 -26:02:51.1 0.478542 -1.50 RRab
SV Scl 01:44:59.66 -30:03:33.4 0.377362 -1.77 RRc
SW And 00:23:43.09 29:24:03.6 0.442262 -0.24 RRab
SW Dra 12:17:46.63 69:30:38.2 0.569671 -1.12 RRab
SX Uma 13:26:13.46 56:15:25.1 0.30714 -1.81 RRc
T Sex 09:53:28.40 02:03:26.4 0.324706 -1.34 RRc
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Table 2.2: continued
Name RA Dec Period [Fe/H] Type
TT Lyn 09:03:07.79 44:35:08.1 0.597438 -1.56 RRab
TU Uma 11:29:48.49 30:04:02.4 0.55766 -1.51 RRab
TV Boo 14:16:36.58 42:21:35.7 0.312557 -2.44 RRc
TW Her 17:54:31.20 30:24:37.7 0.399601 -0.69 RRab
UU Vir 12:08:35.07 -00:27:24.3 0.475609 -0.87 RRab
UV Oct 16:32:25.53 -83:54:10.5 0.542600263 -1.74 RRab
UY Boo 13:58:46.34 12:57:06.5 0.650845 -2.56 RRab
UY Cam 07:58:58.88 72:47:15.4 0.267042 -1.33 RRc
UY Cyg 20:56:28.30 30:25:40.3 0.560714 -0.80 RRab
V Ind 21:11:29.90 -45:04:28.4 0.479591 -1.50 RRab
V440 Sgr 19:32:20.78 -23:51:12.8 0.477474 -1.40 RRab
V675 Sgr 18:13:35.41 -34:19:01.8 0.642289 -2.28 RRab
VX Her 16:30:40.80 18:22:00.6 0.455373 -1.58 RRab
W Crt 11:26:29.64 -17:54:51.7 0.412015 -0.54 RRab
WY Ant 10:16:04.98 -29:43:42.9 0.574341 -1.48 RRab
X Ari 03:08:30.89 10:26:45.2 0.651139 -2.43 RRab
XX And 01:17:27.41 38:57:02.0 0.722742 -1.94 RRab
XZ Cyg 19:32:29.30 56:23:17.5 0.466579 -1.44 RRab
YZ Cap 21:19:32.41 -15:07:01.2 0.273461 -1.06 RRc
2.3.1 Galactic RR Lyrae stars
The RIJHK data set was built from three sources: Monson et al. (2017), Klein (2014), and
Feast et al. (2008). The data set from Monson et al. (2017) combines observations collected for
CRRP with the Three-Hundred Millimeter telescope with archival observations from individual
studies (and places them on a homogeneous photometric system), and was used as the basis for
our sample of Galactic RRL. For stars without multi-epoch observations in this data set, we sup-
plemented with the multi-epoch observations available in Klein (2014). Light curves from Klein
(2014) were obtained with the Nickel 1 meter telescope at Lick Observatory and 1.3 meter PAIRI-
TEL telescope at the Fred Lawrence Whipple Observatory and were fit with Fourier series. Finally,
Feast et al. (2008) presented a procedure to estimate mean magnitudes from single epoch 2MASS
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JHKs measurements of RRL. For any stars still missing multi-epoch JHKs observations from the
previous two data sets, we adopted the estimated mean magnitude from Feast et al. (2008). These
templates are not very precise, and we assign all of these mean magnitudes with an uncertainty of
0.06, 0.04, and 0.07 mag for JHKs respectively. These uncertainties were derived from the standard
deviation of the residuals between the template mean magnitude and derived mean magnitude of
stars for which we have well sampled light curves.
Mid-infrared observations for our sample were also presented in Monson et al. (2017), that
combined the Spitzer 3.6 and 4.5 µm observations obtained for CRRP with WISE photometry.
The first two bands in the WISE photometric system are very similar to the IRAC bands, but we
have elected to keep the WISE and IRAC photometry separate in this paper for two main reasons.
First, for most of the stars in our sample, adding in WISE photometry degrades the quality of our
IRAC light curves. Figure 2.3 compares the quality of WISE and IRAC light curves side by side.
Second, the WISE and IRAC passbands are not identical, and it is unclear if there is an offset
between the two calibrations. When comparing the average magnitudes of RRL obtained with
Spitzer and WISE, we see a small offset (Monson et al., 2017). However, the AllWISE explanatory
supplement2 found no offset with the first two IRAC bands. Therefore, we re-derived the average
magnitudes separately for the IRAC and WISE data presented in Monson et al. (2017). The IRAC
light curves are covered by a minimum of 24 epochs over a single pulsation cycle (some stars were
observed with up to 134 epochs to fill gaps in Spitzer’s schedule). We note that the Spitzer Science
Center (SSC) recently released the final calibration of warm mission Spitzer data (S19.2). The new
calibration included new flux conversions, linearity solution for the 3.6 µm band, and flat fields,
and is now consistent with the final cryogenic mission calibration (S18.25) defined by Carey et al.
(2012). The WISE photometry comes from the AllWISE data release, and covers an average of 36,
36, and 18 random epochs in the W1, W2, and W3 bands respectively.
The GLOESS method (Neeley et al., 2015; Monson et al., 2017) was used to fit smoothed light
curves and derive the mean intensity magnitude in all bands. For stars in common with the CRRP
2Available online at: http://wise2.ipac.caltech.edu/docs/release/allwise/expsup/
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Figure 2.3: Sample WISE and IRAC light curves for the Galactic RRL star, SU Dra. The W1,
[3.6] and W3 bands are offset by ±1 mag for better visibility. The smoothed light curve generated
by GLOESS is shown as the red line.
sample, we found no significant difference in the mean magnitudes fit with fourier series (Klein,
2014) and the GLOESS method (Monson et al., 2017). The final count for each band is as follows:
32 in R, 55 in I, 54 in J, 53 in H, 54 in K, 51 in [3.6], 51 in [4.5], 55 in W1, 55 in W2, and 54 in
W3.
2.4 Empirical Leavitt laws
We can directly compare our synthetic PLZ with some recently derived empirical Leavitt laws.
Since many empirical measurements have been made on single metallicity populations (i.e. in
globular clusters), the metallicity component has not been reliably measured, and most of the
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literature derives Leavitt laws (i.e. period–luminosity relations). One exception to this is the
empirical PLZ relations in the W1 and W2 bands measured using several globular clusters (Dambis
et al., 2014). Both the period slope and the zero point are consistent between the theoretical and
empirical methods. However the metallicity term they measure (0.096 in W1 and 0.108 in W2) is
smaller than in our synthetic PLZ relations by about 4σ, but we note that their method is reliant on
the accuracy of the visual band magnitude - metallicity relation. Madore et al. (2013) also measured
Leavitt laws in the WISE bands, but using only four RRab stars with parallax measurements. Due
to their limited sample, the uncertainties on their derived parameters are very large, and they were
not able to see a metallicity dependence (these four stars also cover an extremely limited range in
[Fe/H]).
A comparison between the period dependence derived from theoretical methods and the empir-
ical methods described above is shown in Figure 2.4. The theoretical period dependence is shown
as filled circles, and empirically derived slopes are over-plotted according to the legend. Overall
the predicted period dependence in all bands is consistent with results from the literature, and we
do observe the predicted flattening of the period dependence at longer wavelengths. The observed
slope of the Leavitt law in M4 is within 1σ of the predicted slope in the J , Ks, and IRAC bands.
In the R, I and H bands, the slope of the observed Leavitt laws differs from the predicted relation
by 2, 2.7, and 2σ respectively. This discrepancy could be due to the larger scatter in the Leavitt
law at shorter wavelengths. Ongoing work on more globular clusters in the CRRP sample will help
to better characterize the period dependence in the RRL PLZ relation.
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Figure 2.4: The period dependence (bλ) for different filters. The predicted coefficients of PLZ
relations from M05 and Table 2.1 are shown as black circles. Empirical measurements from the
literature are shown for comparison according to the legend.
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2.5 Galactic RR Lyrae distances
In addition to simply comparing theoretical and empirical results, we can use our synthetic PLZ
relations to fit the data and obtain predicted distance moduli and extinctions for all of the RRL
in our sample. We used the synthetic PLZ relations to obtain predicted absolute magnitudes, Mλ,
in the RIJHKs, IRAC, and WISE bands. From these predicted absolute magnitudes, reddened
distance moduli (mλ−Mλ) were calculated, and then used in combination with a universal reddening
law to fit both the true distance modulus (µ0) and visual band extinction (AV ) of each star using
a weighted least squares fit of the form
mλ −Mλ = µ0 +AV (Aλ/AV ) (2.1)
where Aλ/AV are the coefficients of the reddening law. This technique was first introduced by
Freedman et al. (1985, 1991) and has recently been employed on Classical Cepheids (Gieren et al.,
2005; Inno et al., 2016). The reddening law we adopted was that of Cardelli et al. (1989), which
we extended into the IRAC and WISE bands according to Indebetouw et al. (2005) and Madore
et al. (2013) respectively. The weights in the fit were determined by the sum in quadrature of
the uncertainties in the apparent mean magnitudes and predicted absolute magnitudes of the star,
where the uncertainty of the predicted absolute magnitude is given by the dispersion of the PLZ
relation of the corresponding wavelength. As a consequence, the IRAC bands have the most weight
in determining the distance modulus, since the PLZ relations have the lowest dispersion at these
wavelengths, and the IRAC mean magnitudes are more precise than those determined with WISE
data. The shorter wavelengths provide the leverage necessary to fit the extinction. The results of
this fit are given in the last two columns of Table 2.3.
To assess the ability of the theoretical PLZ to fit the distance moduli of all sample stars at
different wavelengths, we have transformed all average magnitudes into semi-empirical absolute
magnitudes using the best fit distance moduli and extinctions from Table 2.3. The residuals be-
tween the calculated (from observed apparent magnitude) and predicted (from the PLZ) absolute
magnitudes in each band are shown in Figure 2.5. Individual stars are shown as small open circles,
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while the average residual in each band is over-plotted as filled circles. The dashed lines represent
the standard deviation around the mean of the average residuals. The IRAC, W1, and W2 bands
offer the smallest dispersion. Predicted absolute magnitudes in the JHKs bands tend to be brighter
than the calculated absolute magnitude. There are three possibilities for this discrepancy: 1) the
reddening law is inappropriate for these bands, 2) the color temperature relations used to transform
the bolometric light curves into the observational plane are incorrect for NIR wavelengths, or 3)
mean magnitudes calculated from JHKs templates are systematically too faint. The first point
is unlikely, because the effect of reddening is low at NIR wavelengths, and the coefficients of the
reddening law would have to change by as much as 50%. We see no systematic offset between mean
magnitudes derived from JHKs templates and observed light curves, but we note that less than
half the stars in our sample have NIR light curves with high enough phase coverage to measure an
accurate mean magnitude. Further observations are needed to see if this resolved the discrepancy
with theory, or if the color temperature relations need some adjustment in the JHKs bands.
In Klein (2014), a multi-wavelength approach similar to ours was used to fit distances and
extinctions of RRL, but the effects of metallicity were ignored. In their Figure 6.20, Leavitt laws
from optical to MIR are shown with remarkably small scatter. However the scatter is by design
artificially small, since the optimal solution is estimated minimizing the residuals of the different
bands. Our synthetic PLZ relations provide a method to estimate the effect of metallicity on the
determination of distances. The left panels of Figure 2.6 show how the RRL in our sample lie in
the period-magnitude plane when metallicity is ignored. Stars were divided into five metallicity
bins, and the predicted Leavitt law for the median of each bin is shown as the solid line in the
corresponding color. The dispersion around individual relations is quite low (with much of it still
due to a spread in metallicity), but if you consider all RRL covering a large range of metallicity as a
single population, the dispersion around the average metallicity is large (0.12, 0.13, and 0.13 in the
I, [3.6], and [4.5] bands respectively). In the right panels, the metallicity term has been subtracted
out, and the vertical axis is now Mλ − cλ[Fe/H]. Now the dispersion around the theoretical
relation is almost an order of magnitude smaller (0.053, 0.019, and 0.017 mag in the I, [3.6], and
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Table 2.3. Calculated distance moduli and visual extinctions for Galactic RR Lyrae.
Name Gaia µ µ AV Name Gaia µ µ AV
AB UMa 10.146± 0.617 9.977± 0.022 0.485± 0.124 SU Dra 9.223± 0.431 9.297± 0.021 0.225± 0.126
AE Boo 9.584± 0.473 9.905± 0.036 0.25± 0.211 SV Eri 9.371± 0.427 9.297± 0.024 0.527± 0.196
AM Tuc 10.353± 0.661 11.031± 0.027 0.196± 0.202 SV Hya 9.397± 0.401 9.676± 0.025 0.479± 0.199
AN Ser 10.565± 0.802 9.942± 0.026 0.369± 0.201 SV Scl 11.783± 1.593 10.945± 0.027 0.047± 0.202
AP Ser · · · 10.492± 0.027 0.264± 0.202 SW And 8.766± 0.321 8.498± 0.021 0.476± 0.124
AV Peg 9.084± 0.326 9.178± 0.022 0.487± 0.129 SW Dra 9.978± 0.496 9.72± 0.023 0.275± 0.134
BB Pup · · · 11.016± 0.03 0.562± 0.139 SX UMa* 11.910± 1.804 10.324± 0.024 < 0.128
BH Peg 9.272± 0.343 9.529± 0.025 0.632± 0.198 T Sex · · · 9.352± 0.022 0.131± 0.128
BX Leo 11.366± 1.124 11.022± 0.023 0.102± 0.126 TT Lyn 9.078± 0.569 9.134± 0.022 0.364± 0.127
CS Eri 8.331± 0.229 8.295± 0.024 0.021± 0.194 TU UMa 9.166± 0.463 9.096± 0.021 0.337± 0.124
CU Com · · · 12.566± 0.029 0.391± 0.226 TV Boo* 10.607± 0.669 10.577± 0.023 < 0.129
DH Peg · · · 8.523± 0.023 0.428± 0.178 TW Her 10.939± 1.030 10.213± 0.026 0.487± 0.202
DX Del 8.898± 0.293 8.745± 0.023 0.75± 0.169 UU Vir 9.345± 0.507 9.687± 0.022 0.27± 0.129
HK Pup 11.387± 1.077 10.526± 0.026 0.537± 0.201 UV Oct 8.478± 0.242 8.648± 0.024 0.659± 0.194
MT Tel 9.228± 0.471 8.35± 0.024 0.207± 0.194 UY Boo 13.338± 2.624 10.552± 0.022 0.279± 0.124
RR Cet · · · 8.959± 0.021 0.349± 0.126 UY Cam 9.672± 1.203 10.798± 0.027 0.109± 0.205
RR Gem 10.648± 0.757 10.138± 0.023 0.452± 0.13 UY Cyg · · · 10.062± 0.022 0.574± 0.126
RR Leo · · · 9.935± 0.022 0.338± 0.129 V Ind 9.785± 0.537 9.165± 0.025 0.52± 0.197
RR Lyr 7.195± 0.139 6.935± 0.02 0.457± 0.121 V440 Sgr 9.467± 0.708 9.327± 0.023 0.566± 0.134
RU Psc 9.216± 0.446 9.547± 0.023 0.173± 0.132 V675 Sgr · · · 9.68± 0.025 0.483± 0.198
RU Scl 9.088± 0.423 9.465± 0.025 0.41± 0.199 VX Her 10.219± 0.581 9.868± 0.026 0.408± 0.201
RV CrB 11.514± 1.229 10.778± 0.027 0.012± 0.203 W Crt 10.207± 0.664 10.809± 0.03 0.219± 0.138
RV Oct 9.725± 0.444 9.98± 0.028 0.71± 0.135 WY Ant 10.410± 0.598 10.06± 0.022 0.475± 0.127
RV Uma 10.651± 0.676 10.03± 0.022 0.298± 0.125 X Ari 8.468± 0.239 8.651± 0.021 0.812± 0.124
RX Eri 8.690± 0.337 8.813± 0.021 0.502± 0.131 XX And · · · 10.244± 0.022 0.393± 0.125
RZ Cep 7.880± 0.193 8.054± 0.021 0.858± 0.131 XZ Cyg 9.030± 0.314 8.933± 0.022 0.25± 0.132
ST Boo 10.809± 1.027 10.499± 0.022 0.22± 0.124 YZ Cap 11.358± 1.188 10.314± 0.024 0.337± 0.135
ST CVn 13.249± 3.478 10.601± 0.027 0.141± 0.203
∗Fit only provided upper limit for these stars.
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Figure 2.5: Residual between the absolute magnitude using the best fit distance moduli and ex-
tinctions and the predicted absolute magnitude from theoretical PLZ relations for all galactic RRL
in each band. Individual stars are shown with open circles, and the average residual for each band
is shown as a filled circle. The error bars represent the standard deviation in the residuals of the
individual stars. The solid line is the weighted mean of the average residuals, and the dashed lines
are 1σ from the mean. Note that because this is a weighted fit, the solid line passes the points with
the most weight ([3.6] and [4.5]) and not through zero.
[4.5] bands respectively). These panels illustrate the drastic improvement you can expect in the
accuracy of distance determinations when accounting for metallicity. Assuming the theoretical PLZ
relations correctly characterize the effect on the zero point due to metallicity, using PLZ relations
over Leavitt laws will reduce the uncertainty of distance measurements from 13% to 2%. A similar
argument can be shown using PWZ relations (Figure 2.7). Here, the dispersion in the PW relation
once metallicity has been removed is even smaller (0.012 mag for I-IRAC PWZ relations). This
could be because PWZ relations are reddening free (they depend only on the reddening law, not
the extinction of individual objects), or because the PWZ relations include a color term and reduce
the scatter because they take into account the width in temperature of the instability strip.
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Figure 2.6: Calculated absolute magnitude versus period of field RRL stars for the I, 3.6, and 4.5 µm
bands. Left panels – The stars have been separated into metallicity bins from low (black triangles)
to high (red circles) metal abundance. Predicted relations for the median of each metallicity bin
are shown with solid lines. Right panels – The metallicity term (cλ ∗ [Fe/H]) has been subtracted
from the vertical axis and normalized to solar metallicity, [Fe/H] = 0.0 dex.
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Figure 2.7: Period–Wesenheit–metallicity relation of field RRL stars. Predicted relations for the
five metallicity bins are shown with solid lines. In the right panel the metallicity term has been
subtracted form the vertical axis.
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2.5.1 Comparison with Hubble Space Telescope distances
Prior to the first Gaia release, the only geometric measurement of RRL distances was the
parallax of five stars (RR Lyr, RZ Cep, SU Dra, UV Oct, and XZ Cyg) measured using HST Fine
Guidance Sensor (Benedict et al., 2011). With only five calibrators available, the precision of the
absolute zero point of RRL Leavitt laws has been severely limited. In this section, we compare the
HST parallaxes with results based on the theoretical PLZ relations.
Table 2.4 presents the distance moduli and extinction derived in (Benedict et al., 2011), com-
pared with the value estimated in this work. The distance moduli comparison is also shown in
Figure 2.8. Two stars, RR Lyr and UV Oct, exhibit a 2.7 and 1.6σ tension, respectively, between
our method and the HST distance moduli. Three stars (RR Lyr, SU Dra, and UV Oct) are also
fit with a significantly larger extinction using our method. The extinctions adopted in (Benedict
et al., 2011) are from (Feast et al., 2008), where stars were fit using 3-D Galactic extinction models
while assuming a distance based on MV − [Fe/H] or preliminary PL(K) relations. Figure 2.9
compares the residuals with predicted absolute magnitude when correcting observations using the
HST parallaxes and extinctions (left panel) as a function of wavelength. The residuals of four stars
(RR Lyr, RZ Cep, SU Dra, and UV Oct) present a trend with wavelength when using the HST
derived parameters, indicating the extinction assumed for these stars in (Benedict et al., 2011) is
incorrect. The vertical offset seen in RR Lyr and UV Oct is a consequence of the difference in
distance modulus we measure. In contrast, the right panel shows no offsets or trends, suggesting
good agreement with theory across all wavelengths. Clearly, the observations and theory are at
odds for some of these stars. The discrepancy with predicted absolute magnitude shows no trend
with period, distance, or metallicity, which indicates the problem may lie with individual parallax
and extinction measurements. We should note that both RR Lyr and UV Oct exhibit the Blazhko
effect, and it is possible that this is affecting the mean magnitude of these stars. However, XZ Cyg
is also a Blazhko star, and all methods are in good agreement for this star.
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Figure 2.8: A direct comparison of the distance modulus of five stars obtained with three methods:
(1) the method presented in this chapter (blue triangles), (2) HST parallax measurements (black
circles), and (3) inverted TGAS parallaxes (red squares). For both the HST and TGAS distance
moduli, the error bars are dominated by the uncertainty in the parallax.
2.5.2 Comparison with Gaia distances
We can also compare the distance moduli obtained above with the recent parallax measurements
from the Gaia mission. Gaia’s first data release (DR1) became public on September 14, 2016 (Gaia
Collaboration et al., 2016b,a). This release included proper motion parallax measurements for
stars in common with the Tycho-2 catalog, and are based on the Tycho-Gaia astrometric solution
(Michalik et al., 2015). Parallaxes were available for 41 of the stars in our sample, with uncertainties
in the distance modulus between 0.14 and 0.87 mag. The distance moduli, obtained by a simple
inversion of the parallax, are given in Table 2.3. In Figure 2.10 we compare the TGAS results
with the distance moduli obtained in this paper for stars with < 55% uncertainty in the TGAS
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Figure 2.9: Comparison of the offset with predicted absolute magnitude when using the HST -
derived distance modulus and extinction (left panels) and in this chapter (right panels) as a function
of wavelength. The dashed lines indicate the uncertainty in the distance moduli. the right panels
also include as open circles the residual when using the TGAS distance and the extinction derived
in this chapter. Trends with wavelength indicate the extinction is inconsistence with theoretical
predictions, while an overall offset suggest the distance is inconsistent with theory.
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stars with previously determined HST parallaxes are highlighted with filled red circles. For the
majority of stars, the methods agree within 1σ. Only four stars (AM Tuc, RR Lyr, MT Tel, V
Ind) are outliers, and all are within 2σ. Both the dispersion and individual uncertainty increases
with distance. The dispersion is 0.30 for stars with µ < 9.5 and 0.46 for stars with µ > 9.5, and
the average uncertainty in the TGAS distance is twice as large for stars with µ > 9.5 mag. The
remaining panels in Figure 2.10 show the residual between the two methods as a function of stellar
parameters, indicating there are no trends with period, metallicity, or AV . This confirms that the
residual error between our best fit value and the TGAS parallax are likely due to the statistical
uncertainties in the TGAS results.







































































Figure 2.10: Top left: One-to-one comparison of the distance moduli derived in this paper and
determined from the first release of TGAS parallaxes. The five stars with previously determined
HST parallaxes are highlighted with closed red circles. Given that all but two stars agree within
1σ, this may indicate that the TGAS errors are overestimated. Top right: Residuals between
predicted and TGAS parallaxes as a function of the pulsation period. Bottom left: Residuals
between predicted and TGAS parallaxes as a function of the metal abundance. Bottom right:
Residuals between predicted and TGAS parallaxes as a function of the fitted visual band extinction.
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Table 2.4. Comparison with HST derived distance and extinction.
HST This Paper
ID µ σµ AV µ σµ AV σAV
RR Lyr 7.14 0.07 0.13 6.938 0.021 0.453 0.123
RZ Cep 8.03 0.16 0.78 8.052 0.021 0.875 0.135
SU Dra 9.35 0.24 0.03 9.299 0.022 0.216 0.128
UV Oct 8.87 0.13 0.28 8.648 0.025 0.548 0.215
XZ Cyg 8.98 0.22 0.30 8.961 0.020 0.280 0.134
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CHAPTER 3. DEVELOPMENT OF A DATA ANALYSIS PIPELINE FOR
THE CARNEGIE RR LYRAE PROGRAM
3.1 Introduction
The immediate goal of the Carnegie RR Lyrae Program (CRRP) is to provide a high-precision
calibration of the Leavitt Law for RR Lyrae stars (RRL) at Spitzer wavelengths. To this end, we
have obtained an impressive data set of 44 globular clusters (36 within the Milky Way, 7 in the
Large Magellanic Cloud, and 1 in Sagittarius) and 55 Galactic field RR Lyrae. All mid-infrared
observations were obtained with the InfraRed Array Camera (IRAC) onboard the Spitzer Space
Telescope. With such a large dataset, it is necessary to employ a semi-automatic pipeline to reduce
the data. In this chapter, I describe the pipeline I have developed to automate the photometry and
calibration of the cluster data.
3.2 Description of the pipeline
Each cluster was observed in 12 epochs over the span of about 14 hours to provide complete
phase coverage of most of the RRL stars in the field of view. IRAC has a 5.2 x 5.2′ field of view,
and smaller clusters (e.g. NGC 6402) were covered by a single pointing, while larger clusters were
mapped by a 3 × 2 grid of overlapping fields. Globular clusters are extremely crowded, so it is
necessary to employ point-spread function (PSF) fitting photometry, which is more successful at
separating overlapping sources than simple aperture photometry. The PSF photometry is calibrated
to a standard IRAC magnitude system using aperture photometry.
3.2.1 Photometry
Figure 3.1 summarizes the photometry pipeline. The data were reduced starting from the Basic
Calibrated Data images (BCDs) generated by Spitzer IRAC pipeline version S19.2. These images
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are measured in units of MJy/sr, but were converted to counts, or DN, as required for analysis
with the photometry package DAOPHOT. Therefore, we multiply each image by the exposure time
(header keyword EXPTIME), and a conversion factor (header keyword FLUXCONV ):
counts[DN ] = flux[MJy/sr] ∗ EXPTIME[s]
FLUXCONV [MJy/srDN/s ]
(3.1)
Next, we use DAOPHOT to find sources and measure the initial aperture photometry on individual
images. Due to the crowding in globular clusters, it is not advisable to use the IRAC standard
10 pixel aperture. Instead, we use an aperture size of 3 pixels, with an annulus of 3 to 7 pixels.
Even with this small aperture, the vast majority of sources are still blended, hence why PSF fitting
photometry is required. Since the IRAC PSF is stable, and we have adopted a uniform observing
strategy for CRRP, the PSF measured from a single image can be used on all of the other images
with the same pixel scale and orientation. We selected a field away from the center of the clusters
to create the PSF, on an image with a good balance between the number of bright stars and
modest levels of crowding. DAOPHOT includes a variety of options to tailor the PSF to your data,





where z2 = x2/α2x + y
2/α2y, and αx and αy are the full width half max in the x and y directions.
Although the IRAC PSF is known to vary across the frame, we use a constant PSF, as adopting a
PSF that varies linearly or quadratically with x and y position offered no improvement in the final
photometry. The pixels within a 2 pixel radius from the centroid were used to fit the PSF, while
the PSF was defined within a 9 pixel radius. Once we have obtained a reliable PSF, the initial
PSF-fitting photometry is performed using the program ALLSTAR. ALLSTAR is a companion
program to DAOPHOT, that iteratively reduces the entire star list (those measured by aperture
photometry) at once for each image. With each iteration the star’s centroid position and magnitude
are adjusted, and stars that do not converge are discarded.
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The above procedure provides a star list for each individual image, but we need a master star
list to combine the photometry from different images. To construct this master star list, we use a
deep mosaic combining all of the individual dithers and epochs together. This mosaic is made using
the software package Mopex distributed by the Spitzer Science Center (SSC), with half the pixel
scale (0.6′′ per pixel) of the BCDs. Using a mosaicked image to define the master star list offers two
main advantages. First, we can identify fainter sources, since a minimum of 60 images (5 dithers
times 12 epochs) are stacked. Second, the centroids of all of the sources are more accurate since we
are defining them on a finer grid. However, the PSF measured on individual images cannot be used
here, so we must construct a new PSF. The initial star list is created using the FIND procedure,
and we obtain the aperture photometry for a 6-6-14 pixel aperture (twice the size as the aperture
used on the individual images due to the half pixel scale) in DAOPHOT. To measure the PSF (in
DAOPHOT), between 30 and 50 bright, relatively isolated stars are selected by hand from the star
list. A first pass on the PSF-fitting photometry of all sources is measured in ALLSTAR. The stars
selected to measure the PSF will later be used to calibrate the PSF-fitting photometry. In addition
to measuring the PSF-fitting photometry of all sources, ALLSTAR produces a residual image, with
all identified sources subtracted out. This residual image is an important check on the quality of
your model PSF, and can also be used to find additional sources that were previously undetectable.
The new sources identified on the residual image are then added to the star list, and the aperture
photometry (in DAOPHOT) and the PSF-fitting photometry (in ALLSTAR) are calculated again
on the original image. The resulting PSF-fitting photometry from ALLSTAR is our master MIR
star list.
Once we have both a master MIR star list (from the deep mosaic) and star lists for each BCD,
we derive the coordinate transformations to cross-match the stars identified in different images. The
initial transformation, including 4 degrees of freedom (scale, rotation, x and y shifts) is calculated in
DAOMATCH, which uses triangles of the brightest 30 stars in two images to find the transformation
between the star lists of two images. Since our observations were all used with the same telescope
within a short period of time, we know that there should be no rotation, and the scale factor
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is 2 since we are matching the half pixel scale mosaic to BCDS. While 4 degrees of freedom is
enough to measure the correct parameters for such a simple transformation, we refine further the
transformation to the highest order (n=20) using DAOMASTER, because this program uses the
entire star list.
When available, we also match our master star list with archival, higher resolution, optical
photometry to improve our source detection. By utilizing the known positions of stars, we are able
to partially overcome the low resolution of the IRAC images, and resolve stars further into the core
of the cluster. We use DAOMATCH to measure a rough coordinate transformation between the
star list derived from optical images and the MIR star list. The transformations are then refined to
the highest order in DAOMASTER, and an updated master star list is created. This updated star
list is then used to indicate the positions of all stars for the final PSF-fitting photometry performed
with ALLFRAME.
3.2.2 Calibration
A summary of the calibration pipeline is shown in Figure 3.2, and we provide complete details
here. To calibrate the instrumental magnitudes measured with PSF-fitting photometry to standard
IRAC Vega magnitudes, we use the 30-50 bright, relatively isolated stars away from the core of
the cluster that were selected to measure the PSF on the deep mosaic. We perform aperture
photometry on these stars on each individual BCD (the raw data in units of in MJy/sr, not
the images converted to counts) using a 3 pixel aperture with an annulus of 3 to 7 pixels using
DAOPHOT. At this stage, the aperture photometry still provides instrumental magnitudes, and we
must convert this to standard IRAC Vega magnitudes using standard procedures. First we must
apply the calibration zero point for IRAC, which is calculated according to the pixel scale of the
images, and the size of the aperture, and the zero magnitude flux:
ZMAGλ = 2.5 ∗ log( Fλ(v0)
2.3504 ∗ 10−5 ∗APCORλ ∗ PIXSCALE2λ
) (3.3)
The zero magnitude flux, Fλ(v0) is 280.9 Jy at 3.6 µm and 179.7 Jy at 4.5 µm. For a 3-3-7 pixel
aperture, the aperture corrections (APCORλ) are 1.125 for 3.6 µm and 1.123 for 4.5 µm, and
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Figure 3.1: A summary of the photometry pipeline developed for CRRP data. Blue, green, and
purple boxes indicate operations within the programs DAOPHOT, ALLSTAR, and ALLFRAME,
repsectively. The orange boxes are the steps in which we match star lists from different images in
DAOMATCH/DAOMASTER. White boxes are steps performed outside of any software packages.
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the pixel scale of the BCDs are 1.223′′ and 1.215′′ per pixel, and therefore ZMAG = 17.13 and
16.66 mag at 3.6 and 4.5 µ respectively. The PHOT procedure in DAOPHOT uses an instrumental
magnitude scale normalized to 25 mag, therefore the final aperture photometry magnitudes are
then given by:
mλ = minstrumental − 25 + ZMAGλ (3.4)
Even though we have selected relatively isolated stars as calibrators, the level of crowding in
globular clusters means that the flux of neighboring stars can still contaminate the flux of the star
you are interested in when doing aperture photometry. These stars are less affected by PSF-fitting
photometry, where they have been successfully distinguished. Therefore we use the PSF-fitting
catalog to ”de-blend” the aperture photometry, and improve the precision of our calibration. We
performed a test on the IRAC PSFs to see how the flux of a star drops off as you offset the center
of a 3 pixel aperture from the centroid of a star (Figure 3.3). Using this data, we can correct the
aperture photometry of the calibrating stars for the fraction of the flux of any neighboring stars
that fall within the aperture.
After the aperture photometry of the calibrating stars has been ”de-blended”, we can measure
the PSF zero point that needs to be applied to the PSF-fitting photometry to convert to standard
Vega magnitudes. We compute the difference between the aperture photometry and the PSF-
fitting photometry of our calibration stars on each individual BCD. For each star, we then produce
an average offset that is sigma clipped (5 iterations of 3σ) in order to be insensitive to outlying
measurements due to bad pixels, cosmic rays, etc. A single calibration zero point is defined by
averaging the offset for all of our calibration stars. This calibration zero point is then applied to all
of the PSF-fitting photometry. The uncertainty of our final calibration is better than 2%. One final
correction is necessary when doing point source photometry on IRAC images, the array-location
dependent correction. Correction maps can be downloaded from the SSC website, and account for
how the flux of a star varies slightly depending on where it is located on the array (Quijada et al.,
2004). Additionally, IRAC images are flat-fielded according to the zodiacal background, extended
emission from the Interplanetary Dust Cloud. The difference in the spectral-energy distribution of
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stars and this zodiacal background, as well as the differences in instrumental gain between extended
and point sources are also accounted for in this correction. The correction value is determined on
the map, corresponding to the centroid of the source, and are multiplicative in flux (or additive in
magnitude). One this correction has been applied to the PSF-fitting photometry, we have a final
multi-epoch source catalog for the cluster.
Figure 3.2: A summary of the calibration pipeline. Blue boxes indicate steps that are performed
automatically with our python pipeline, and white boxes indicate the step requires user input.
3.3 RR Lyrae star light curves
Once the multi-epoch IRAC photometry has been finalized, we can begin deriving parameters
for the RRL light curves. RRL amplitudes at Spitzer wavelengths are small ( < 0.5 mag), and the
CRRP observations only cover one pulsation cycle, so we are not able to reliably identify and derive
periods for RRL using the MIR data alone. Therefore, we use the archival optical data, where the
amplitudes are larger and we have larger temporal coverage to identify and derive the pulsation
parameters for the RRL in each cluster.
The optical data typically consists of sparse random sampling over the past 30 years. To identify
the RRL, we first cross-match stars in our catalog with known RRL stars available in Christine
Clement’s catalog of variable stars for globular clusters (Clement et al., 2001). The Clement catalog
(hereafter CC10) lists position, period, mean magnitude and amplitude (most often in the V band),
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Figure 3.3: An illustration of how the flux of a star changes as you shift a 3 pixel aperture away
from the centroid. This effect was measured on the IRAC PSFs provided by the Spitzer Science
Center. The flux ratio is used to determine what fraction of a neighboring star’s flux falls within
a 3 pixel aperture, so we can effectively ”de-blend” aperture photometry with better resolution
aperture photometry.
as well as the type of variable. We use position and period to determine if potential matches between
CC10 and our catalog are true matches. In some cases, our period will differ significantly from the
period listed in CC10. We still consider this to be a positive match to the variable identified in
CC10 if there are no other variables nearby. After the known variables have been considered, we
search for new RRL. To identify possible RRL, we use the Welch-Stetson variability index (Welch
and Stetson, 1993) of the stars on the Horizontal Branch in the V , B−V color magnitude diagram.
A period analysis is completed for stars with a variability index 5σ above the mean, and any new
variables are identified.
To measure the periods of RRL, a Lomb-Scargle (LS) periodogram is computed for each star.
For stars whose LS period is within 0.1 days of the CC10 period, we are reasonably certain we
have matched the correct star, and we can further refine the period. To do this, we compute the
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maximum precision we can measure, i.e. to how many digits must we know the period to for a
maximum change of 0.01 in phase. Then a grid is constructed using steps of the maximum precision,
in a range of 0.00005 days around the LS period. The phased light curve is computed for each
period in the grid, and the period resulting in the minimum average dispersion in the V and B
bands is considered to be the best-fit period. In the case where the period does not match the
CC10 period, we consider the following options: (1) the star is correctly identified, but the CC10
period is incorrect, (2) the star has been misidentified and is not periodic, or (3) it is a double
mode RRL. If we believe we have identified the correct star, we try to refine both the CC10 period
and our LS period, and inspect the phased light curve in both cases to identify the correct period.
Once the period has been established, we derive the intensity-mean magnitude in each of the
optical bands, as well as the most recent epoch of maximum. This is done by deriving a smoothed
light curve using the Gaussian-windowed Local regrESSion method (GLOESS) as described in
Monson et al. (2017) and Neeley et al. (2015). GLOESS is an interpolation method where a
second-order polynomial is fit locally to the data, weighted by both their gaussian distance from
the interpolation point and the uncertainty in their magnitude. The result is a smoothed light curve
that is evenly sampled, and allows an accurate measurement of the mean magnitude, as well as
color comparisons for bands with differing phase coverage. Finally, the periods and T0 derived from
the optical data are used to phase the IRAC light curves, and the mean magnitudes are determined
in the same manner.
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CHAPTER 4. THE GALACTIC GLOBULAR CLUSTER M4: A CASE
STUDY
4.1 Introduction
RR Lyrae variables (RRL) are important tools in the investigation of many fundamental as-
trophysical problems. They provide crucial constraints on the physical mechanisms driving radial
oscillations and their interplay with stellar evolution (Cox, 1963; Christy, 1966; Castor, 1971).
Furthermore, RRL offer the opportunity to study the morphology of the horizontal branch and
the Oosterhoff dichotomy (Oosterhoff, 1939). Current empirical evidence indicates that the mean
period of fundamental mode RRL (RRab) in Galactic globular clusters (GGCs) shows a dichoto-
mous distribution at 0.55 (OoI) and 0.65 (OoII) days, where the latter group is more metal-poor
(Sandage, 1993). There is also evidence that the dichotomy is the aftermath of a hysteresis mech-
anism first suggested by van Albada and Baker (1973), i.e. that the pulsation mode depends on
the direction of the evolution inside the instability strip (Bono et al., 1997; Fiorentino et al., 2012;
Kunder et al., 2013). Baade (1944) employed RRL as a probe to identify the two main stellar
populations in the Galaxy, as well as to study the stellar content of the Galactic Bulge through
low-reddening regions (Baade, 1957; Plaut, 1968).
Beyond stellar evolution, RRL have also played a key role in providing estimates of cosmological
parameters, and have been instrumental in measuring the distances to a sizable sample of GGCs.
This allowed the estimation of absolute cluster ages, and in turn set the lower limit on the age of
the Universe (Hesser, 1991; Sandage, 1993; Buonanno et al., 1998; Marn-Franch et al., 2009; Bono
et al., 2010; VandenBerg et al., 2013). Moreover, RRL have been used to estimate the primordial
helium content using the A-parameter, i.e. the mass to luminosity relation of low-mass central
helium-burning stars (Caputo et al., 1983; Sandquist, 2000).
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RRL are also the most commonly adopted Population II distance indicator. With a lower mass
than classical Cepheids, their key advantage is their ubiquitousness; they have been identified in
both early and late type stellar systems (van den Bergh, 1999). Their individual distances can be
evaluated using multiple diagnostics, including a visual magnitude-metallicity relation (Chaboyer
et al., 1996; Bono et al., 2003; Cacciari and Clementini, 2003) and a statistical parallax (Kollmeier
et al., 2013; Dambis et al., 2013). More importantly, they obey well defined near-infrared (NIR)
period-luminosity (PL) relations, also known as Leavitt laws (Longmore et al., 1986; Bono et al.,
2001, 2003; Catelan et al., 2004; Braga et al., 2015). These Leavitt laws extend to mid-infrared
(MIR) bands where they have the potential of being very accurate distance indicators due to lower
extinction and smaller intrinsic scatter (Madore et al., 2013; Klein et al., 2014). In addition to
Leavitt laws, period-Wesenheit (PW) relations (in particular the I,V − I relation) have been used
to estimate the individual distances of RRL (Soszynski et al., 2003; Majaess, 2010). More recently,
a theoretical framework has been that further supports the use of optical, optical-NIR, and NIR
period-Wesenheit-metallicity (PWZ) relations to determine individual distances of RRL (Marconi
et al., 2015). Empirical validations to the above pulsation and evolutionary predictions have been
provided by Braga et al. (2015) for RRL in the GGC M4 and by Coppola et al. (2015) for RRL in
the Carina dwarf spheroidal.
The Carnegie RR Lyrae Program (CRRP) aims to take full advantage of the unique charac-
teristics of RRL in order to reduce the remaining sources of uncertainty in the Hubble constant to
±2%. MIR Leavitt laws for RRL will be used as the foundation of an independent Population II
cosmological distance scale to calibrate TRGB distances for nearby distances, which in turn can
be used to calibrate Type Ia Supernova distances. To achieve this goal, we observed over 1,700
RRL variables in 36 selected GGCs, as well as ∼ 3, 000 RRL in strategically distributed areas in
the Galactic Halo and the Bulge. In addition, we observed 55 of the nearest, brightest and less
reddened RRL stars intended to be used as zero point calibrators. These observations have been
conducted during the warm mission of the Spitzer Space Telescope (Werner et al., 2004) Infrared
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Array Camera (Fazio et al., 2004), at 3.6 and 4.5 µm wavelength, with a cadence designed to obtain
complete coverage of each RRL variable over at least one full period.
In this work we focus on the GGC Messier 4 (M4, NGC 6121). This cluster is an ideal laboratory
for stellar population studies given its proximity to the Sun, which allows us to obtain accurate
photometric and spectroscopic data for member stars well below the main-sequence turnoff. Due
to these characteristics, M4 has been the subject of intensive observational campaigns over a wide
range of wavelengths. It has a well characterized differential extinction of E(B − V ) = 0.37± 0.10
mag, where the uncertainty is the dispersion due to differential reddening (Hendricks et al., 2012),
and mean metallicity of [Fe/H] = −1.10 (Braga et al., 2015). In support of the CRRP program,
we have analyzed available multi-epoch optical and NIR data, leading to the identification and
characterization of 45 RRL (Stetson et al., 2014). From these observations, we have derived accurate
distance moduli based on optical and NIR PL and PW relations (Braga et al., 2015). In this paper
add to our previous results the new MIR data obtained as part of the CRRP campaign.
In Section 4.2 we present our new Spitzer photometry. Light curves for all the RRL variables in
our sample are measured in Section 4.2.1. In Section 4.3 we derive MIR PL and period-color (PC)
relationships for the cluster RRL, while in Section 4.4 we calculate the M4 distance modulus by
calibrating our PL zero point using five nearby calibrator RRL with known parallax, also observed as
part of the CRRP program, as well as discuss the dependence of the PL zero point from metallicity.
4.2 Observations
The results of our ground-based optical and NIR monitoring of the stellar population in M4
have been published in Stetson et al. (2014) and Braga et al. (2015). In this paper we extend our
wavelength coverage to the MIR, by including multi-epoch 3.6 and 4.5 µm, as well as single-epoch
5.8 and 8.0 µm photometry of a large portion of the cluster.
Our multi-epoch IRAC observations of M4 were executed on 2013 June 2 - 3 as part of the
warm Spitzer Space Telescope Cycle 9 (PID 90088). The cluster was observed at IRAC 3.6 and 4.5
µm bands at 12 equally spaced epochs over ∼ 14 hours. For each epoch we obtained 30 frames with
48
a medium scale five-point Gaussian dither pattern and a 3× 2 mapping, taken using the IRAC full
frame mode with a frame time of 30 seconds to provide a median total exposure of 804 seconds per
pixel. An 11′ × 9′ area at the center of the cluster was covered in both the 3.6 and 4.5 µm bands.
Due to the IRAC focal plane array configuration, in the outer regions of the cluster only one band
is available, with the area just north of the center of the cluster only covered at 3.6 µm and the
region south of the center only covered at 4.5 µm. The total area mapped by our observations
covers a strip of 11′ × 22′, roughly cutting North-to-South through the center of the cluster, as
shown in Figure 4.1. This is about one third of the total cluster area that was mapped in our
ground-based optical and NIR observations, but is still ∼ 2.5× the size of the half-mass radius of
M4 (4.33′ according to Harris (1996)). The CRRP IRAC data were reduced starting from the Basic
Calibrated Data (BCDs) generated by the Spitzer IRAC pipeline version S19.2.
For this work, we have also performed new photometry of single-epoch archival observations of
M4 from Spitzer’s cryogenic mission 5.8 and 8.0 µm bands. The cluster was observed with a medium
scale 11-point cycling dither pattern, with a frame time of 100 seconds. Aperture photometry was
performed on BCDs generated by the S18.25 pipeline with a 3-3-7 pixel aperture, and calibrated to
the photometric system defined by (Carey et al., 2012). The aperture corrections used were 1.1356
and 1.2255 at 5.8 and 8.0 µm respectively. Photometry at the 11 dither positions was averaged to
obtain a single measurement. These observations were obtained 8 years before the CRRP Spitzer
observations, and we were unable to reliably determine the pulsation phase and construct a template
to estimate the mean magnitude. Therefore we elected to use the single epoch observation as the
estimated mean magnitude with an uncertainty equal to half the amplitude in the 3.6 or 4.5 µm
bands. These results as well as the mean magnitudes in the 3.6 and 4.5 µm bands are available in
Table 4.1.
4.2.1 RR Lyrae light curves and average magnitudes
Our MIR sample of M4 RRL variables consists of 37 stars, whose spatial distribution is shown
in Figure 4.1. Of those, 26 are pulsating in fundamental mode (RRab) and 11 are first overtone
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Figure 4.1: Map of all M4 stars for which we have MIR photometric measurements. The open red
and filled blue squares display the position of fundamental and first overtone RRL stars respec-
tively. The black diamonds are RRL from our optical catalog that are not matched in the IRAC
catalog. The solid cyan and magenta lines indicate the coverage of the IRAC 3.6 and 4.5 µm data,
respectively. The dashed line indicates the approximate field of view of the optical photometry in
(Stetson et al., 2014). North is up, east is left.
pulsators (RRc). Not all sources have complete coverage in the IRAC dataset: of the 37 RRL stars
in the area mapped by at least one IRAC band, only 28 have photometry at both 3.6 and 4.5 µm,
with six sources covered only at 3.6 µm and three covered only at 4.5 µm. The periods of our RRL
stars range between 0.2275 days (V49) to 0.6240 days (V39), plus one long-period RRab star (V52)
with a period of 0.8555 days.
Figure 4.2 shows representative color–magnitude diagrams (CMDs) for M4 based on our MIR
and optical photometry, with the IRAC 3.6 µm magnitude vs. the B− [3.6] (top left) and I − [3.6]
(bottom left) colors. Note how the high photometric quality of our data allows a well characterized
turn-off in all color combinations, and a well populated sub-giant, RGB and AGB branch. The
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RRab and Roc stars are represented by filled blue and open red squares respectively. We see a
clear separation of the RRab and RRc stars in the horizontal branch of the CMD, with the RRc
bluer than the RRab variables.






















Figure 4.2: Sample color–magnitude diagrams for all sources detected in the IRAC 3.6 µm band,
with B and I photometry from (Stetson et al., 2014). Fundamental and first overtone RRL are
represented by open red and filled blue squares, respectively.
We derived MIR light curves for each RRL in our catalog by phasing their multiple-epoch
photometry based on the epoch of maximum (T0) and the period derived by Stetson et al. (2014)
using the Lomb-Scargle method from the visible data. Sample light curves are shown in Figure 4.3
for RRc and 4.4 for RRab stars. The light curves are shown in order of increasing period. Following
Madore et al. (2013), for each star we derived a smoothed light curve using a Gaussian local
estimation (GLOESS) algorithm, a method where a second-order polynomial is fit locally and
points are weighted by their Gaussian distance from an interpolation point. A full description of
the GLOESS method is given in (Monson et al., 2017). The mean magnitude for all stars was then
determined by integrating the smoothed light curve flux intensity over one period, then converting
the result back into a magnitude. The maximum to minimum light amplitude in magnitude was
also derived from the smoothed light curve, and the uncertainty is calculated using only the data













































































































Figure 4.3: IRAC light curves for all RRc variables in M4. The light curves are arranged from top
to bottom in order of increasing period. The left and right panel display the light curves at 3.6 and
4.5 µm. The solid red line is the smoothed light curve generated using a Gaussian local estimator

































































































































































































































































Same as Figure 4.3 but for all RRab pulsators observed by IRAC.
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The uncertainty in the mean magnitude is calculated by the sum in quadrature of photometric
uncertainty of each observation (
√
Σσ2i /N) and the uncertainty in the fit (A/(M
√
12)) where N
is the number of observations, σi is the photometric uncertainty, A is the amplitude, and M is
the number of uniformly spaced points (Scowcroft et al., 2011). The value of M ranges from five
to twelve; five (e.g. V41) when our observations cover more than two periods and twelve when
our observations cover one complete period (e.g. V5). Some light curves however were randomly
sampled (e.g. V52, where the observations do not cover a full period), and the uncertainty in the fit
is instead A/
√
12N where N is the total number of observations. Three stars, (V20, V21 and V40)
were rejected from further analysis based on the quality of their light curves. These stars lie in
the core of the cluster, and are blended or confused with neighboring stars. Table 4.1 gives the 3.6
and 4.5 µm IRAC mean magnitudes for the 37 RRL in the IRAC field, as well as the single-epoch
magnitudes in the 5.8 and 8.0 µm bands from archival data.
Figure 4.5 shows the luminosity amplitude vs. period (Bailey diagram) for all RRL stars:
filled blue squares for RRc and open red squares for RRab pulsators. Black crosses indicate RRL
identified in (Stetson et al., 2014) as Blazhko variables (the Blazhko effect is characterized by a
conspicuous modulation of amplitude and phase; (Blako, 1907)). Recent long-term monitoring
of Blazhko RRL by the Kepler satellite has provided evidence of not only period-doubling (Szab
et al., 2010) but also the possible occurrence of additional periodicities on a time-scale longer than
the typical Blazhko period (Kolenberg et al., 2011; Chadid et al., 2011). As expected the RRc
and RRab are well separated in both period and amplitude, and the amplitude of the RRab show
a clear trend of decreasing with period. Figure 4.6 shows instead the amplitude ratio between
optical bands and the IRAC 3.6 µm band. The amplitude ratio plot can be used as an additional
diagnostic for blends of stars with different color temperature. Two RRc stars (V40 and C1) show
an unusually high optical to MIR ratio, possibly indicative of the presence of a faint optically-
bright (hot) companion or blend. Another RRc (V49) shows instead an unusually low amplitude
ratio, possibly the consequence of having an infrared-bright (cool) companion (or blend). It is
also interesting to note that several (four out of seven at 3.6 µm and four out of six at 4.5 µm)
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of the RRab that lie below the general amplitude ratio trend are Blazhko variables, possibly due
to these stars being observed at different phases in their amplitude modulation cycle (the optical
and MIR data were not acquired simultaneously). If this is the case, the remaining RRab in the
same amplitude ratio group (V5, V3, and V52) could also be Blazhko stars that were missed by
the period studies (or they could be stars with a faint cool companion or blend).
Table 4.1: Intensity-averaged magnitudes for RR Lyrae in M4
Name Period [days] [3.6] [4.5] [5.8] [8.0]
V01 0.28888261 11.304± 0.023 11.278± 0.073 · · · · · ·
V02 0.5356819 11.002± 0.093 10.949± 0.031 · · · 10.863± 0.139
V03 0.50667787 · · · 11.015± 0.026 · · · 10.941± 0.135
V05 0.62240112 10.833± 0.036 10.803± 0.029 10.774± 0.125 10.711± 0.077
V06 0.3205151 11.226± 0.044 · · · 11.183± 0.053 · · ·
V07 0.49878722 11.039± 0.043 11.026± 0.032 11.041± 0.156 · · ·
V08 0.50822359 10.964± 0.045 10.945± 0.027 10.904± 0.226 10.84± 0.141
V09 0.57189447 10.891± 0.043 10.867± 0.039 10.778± 0.142 10.721± 0.142
V10 0.49071753 11.063± 0.048 11.053± 0.032 10.997± 0.16 11.005± 0.16
V11 0.49320868 · · · 11.069± 0.03 · · · 10.931± 0.13
V12 0.4461098 11.169± 0.064 11.146± 0.034 11.211± 0.171 11.175± 0.171
V14 0.46353111 11.159± 0.061 11.128± 0.039 11.075± 0.169 11.054± 0.169
V15 0.44366077 11.186± 0.044 · · · 11.029± 0.158 · · ·
V16 0.54254824 10.899± 0.036 10.884± 0.027 10.744± 0.122 10.743± 0.122
V18 0.47879201 10.999± 0.051 10.941± 0.05 10.804± 0.13 10.812± 0.13
V19 0.46781108 11.121± 0.045 · · · 11.119± 0.136 · · ·
V20 0.30941948 10.972± 0.105 10.943± 0.106 10.935± 0.077 11.066± 0.039
V21 0.47200742 10.772± 0.056 10.771± 0.05 10.569± 0.123 10.556± 0.123
V22 0.60306358 10.815± 0.047 10.792± 0.028 10.744± 0.092 10.702± 0.092
V23 0.29861557 11.073± 0.034 11.088± 0.021 10.991± 0.045 10.987± 0.053
V24 0.54678333 10.946± 0.042 10.946± 0.027 10.798± 0.11 10.853± 0.11
V25 0.61273479 10.83± 0.046 10.789± 0.031 10.706± 0.139 10.689± 0.139
V26 0.54121739 10.959± 0.045 10.928± 0.037 10.757± 0.165 10.79± 0.165
V27 0.61201829 10.84± 0.041 · · · 10.952± 0.121 · · ·
V28 0.52234107 10.997± 0.04 10.981± 0.038 11.014± 0.178 11.026± 0.178
V29 0.52248466 11.002± 0.044 · · · · · · · · ·
V30 0.26974906 · · · · · · · · · · · ·
V31 0.50520423 · · · · · · · · · · · ·
V32 0.57910475 · · · · · · · · · · · ·
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Table 4.1: continued
Name Period [days] [3.6] [4.5] [5.8] [8.0]
V33 0.61483542 · · · · · · · · · · · ·
V34 0.5548 · · · · · · · · · · · ·
V35 0.62702374 · · · · · · · · · · · ·
V36 0.54130918 · · · 10.939± 0.038 · · · 10.864± 0.142
V37 0.24734353 11.428± 0.043 11.422± 0.02 11.384± 0.026 11.402± 0.03
V38 0.57784635 10.772± 0.047 10.751± 0.033 10.757± 0.104 10.77± 0.104
V39 0.623954 10.841± 0.041 10.821± 0.025 10.757± 0.091 10.794± 0.091
V40 0.38533005 10.893± 0.051 10.865± 0.034 10.708± 0.153 10.842± 0.366
V41 0.2517418 11.469± 0.036 11.457± 0.019 11.447± 0.038 11.452± 0.038
V42 0.3068549 11.298± 0.11 · · · · · · · · ·
V49 0.22754331 11.492± 0.035 11.495± 0.029 11.4± 0.029 11.397± 0.029
V52 0.85549784 10.511± 0.041 10.473± 0.034 10.378± 0.071 10.383± 0.01
V61 0.26528645 11.452± 0.053 11.414± 0.018 11.337± 0.03 11.328± 0.031
C01 0.2862573 11.266± 0.102 11.224± 0.11 11.122± 0.112 10.7± 0.235
































Figure 4.5: Plot of the IRAC band amplitudes versus period for RRL in M4 (Bailey diagram). First
overtone and fundamental variables are represented by filled blue and open red squares. Candidate
Blazhko stars are marked by black crosses.
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Figure 4.6: Ratio between the optical and MIR band amplitudes for the first overtone (blue filled
squares) and fundamental (red open squares) variables as a function of period. The left plot shows
the ratio of the B to [3.6] amplitude, while the right plot shows the ratio of V band to [3.6]
amplitude. Black crosses identify candidate Blazhko variables. The two RRc stars (V40 and C1)
that show an unusually high optical to MIR ratio, could possibly indicate of the presence of a faint
optically-bright (hot) companion or blend. The RRc star (V49) with an unusually low amplitude
ratio, could indicate an infrared-bright (cool) companion (or blend)
4.3 Mid-infrared period–luminosity and period–color relationships
The Leavitt lawsfor RRc (filled blue squares) and RRab (open red squares) stars in M4 for all
IRAC bands are shown in Figure 4.7. Blazhko variables are indicated by black crosses. Note how
the secondary modulation of the candidate Blazhko variables seem to have no measurable effect on
their average magnitudes, as they fit well on the Leavitt law. The statistical uncertainties of the
mean magnitudes in the 3.6 and 4.5 µm bands are smaller than the size of the plotted symbols,
and are not shown.
All average magnitudes are corrected for extinction; albeit MIR extinction corrections are small
compared to optical wavelengths, they still can not be ignored given the high photometric accuracy
provided by IRAC. We used the total-to-selective extinctions of A[3.6]/E(B − V ) = 0.203 and
A[4.5]/E(B − V ) = 0.156 from (Monson et al., 2012) and a color excess of E(B − V ) = 0.37± 0.10
from (Hendricks et al., 2012). This results in extinction corrections of 0.075±0.020 and 0.058±0.016
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Figure 4.7: IRAC empirical period-luminosity relations. RRc stars are shown as blue filled squares
while RRab stars are red open squares. Candidate Blazhko stars are indicated by black crosses.
Three blended stars that were not included in the fit are shown as open circles.
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Table 4.2. Empirical Leavitt laws for M4
Band aa ba σ a b σ a b σ
FO FU FU+FO
[3.6] 9.69± 0.23 −2.75± 0.42 0.071 10.24± 0.04 −2.34± 0.14 0.040 10.24± 0.04 −2.30± 0.11 0.054
[4.5] 9.54± 0.19 −3.00± 0.33 0.053 10.23± 0.04 −2.36± 0.17 0.043 10.23± 0.03 −2.34± 0.10 0.052
[5.8] 9.38±0.31 −3.18± 0.56 0.093 10.16± 0.09 −2.43± 0.34 0.094 10.17± 0.08 −2.34± 0.20 0.100
[8.0] 9.34±0.67 −3.13± 1.20 0.186 10.12± 0.08 −2.45± 0.28 0.072 10.17± 0.08 −2.22± 0.25 0.120
am = a+ b logP
mag at 3.6 and 4.5 µm, respectively. The reddening law has not been reliably measured for the
5.8 and 8.0 µm bands, but studies have indicated that the reddening law flattens out in this region
(Indebetouw et al., 2005). Therefore we have adopted the A[4.5]/E(B-V) for these two bands.
We calculated the zero point and slope (with their uncertainties and the best fit standard devi-
ation) for the Leavitt law using an unweighted least squares fit. An unweighted fit is preferred to
avoid biasing by brighter longer period variables, which tend to have smaller photometric uncer-
tainties. The Leavitt laws take the form m = a+ b log(P ). The scatter between the RRc and RRab
Leavitt laws in the 3.6 and 4.5 µm bands is comparable, and roughly half the dispersion in the 5.8
and 8.0 µm single-epoch Leavitt laws. Due to the small number of RRc variables, we also derived
the global Leavitt laws for all RRL stars (Figure 4.7), having fundamentalized the periods of the
RRc variables using the relation log(PFU ) = log(PFO)+0.127 (Iben and Huchra, 1971; Rood, 1973;
Cox et al., 1983). The zero point a, slope b, their errors, and the standard deviations for all PL
relations are given in Table 4.2.
4.3.1 Period–color relations
Figure 4.8 shows optical and infrared period–color (PC) relations for all M4 RRL variables
observed with the first two IRAC bands (as before, filled blue and open red squares indicate
fundamentalized RRc and RRab stars). We fit the data with an unweighted least squares procedure;
the best fit parameters are listed in Table 4.3. The figure clearly shows how the slope of the PC
relation becomes more shallow as the distance between the two passbands decreases, as expected
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if the color is a temperature effect related to the radius of the pulsator. The V −Ks PC relation,
in particular, has been singled out for being the least affected by temperature uncertainties when
deriving RRL distances with the Baade-Wesselink method (Carney et al., 1992; Cacciari et al.,
2000; McNamara and Barnes, 2014), as opposed to using the standard B − V color. Our figure
shows that PC relationships using MIR colors (and the IRAC 4.5 µm magnitude in particular)
are even more advantageous, thanks to the steeper slope (i.e. ' 2.01 for the V − [4.5] relation vs.
' 1.85 in the V −Ks fit) and slightly smaller dispersion around the best fit relation.

















































Figure 4.8: The period–color relationship for the RRL stars in M4. RRc and RRab stars observed
with IRAC are shown in filled blue and open red squares respectively, with fundamentalized periods
for the RRc stars. Optical and NIR photometry is from (Stetson et al., 2014). The solid black line
represents the unweighted least squares fit. All magnitudes are corrected for extinction. Note all
panels except the bottom span the same range in magnitude.
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The last panel in Figure 4.8 shows the IRAC [3.6]−[4.5] PC relation. In this case the slope is very
shallow (0.053±0.031), consistent with zero within 2σ. The scatter around the best fit PC relation
is also quite large (0.015 mag), three times larger than the uncertainty in the average magnitudes of
individual stars. The lack of a significant [3.6]− [4.5] PC relation for RRL stars suggests that these
stars do not develop variable CO molecular absorption in their atmosphere, which is observed in
other pulsating stars in the same instability strip (e.g. classical Cepheids). Scowcroft et al. (2011)
found a well defined [3.6]− [4.5] PC relation for Large Magellanic Cloud Cepheids with logP < 2.
The negative slope of the PC relation and blue colors of these stars is explained by the dissociation
and recombination of CO molecules in the IRAC 4.5 µm band, as previously noted by Marengo
et al. (2010). This effect is particularly strong in Cepheids with P > 10 days, and is reflected in
a precise phasing of the light and color curve of these stars. Shorter period Cepheids are instead
characterized by a flat color curve and red colors. This is further supported by Monson et al.
(2012), which found that CO absorption drops off for temperatures greater than 6000 K. Given
that these RRL stars have higher effective temperatures, earlier spectral types and lower metallicity
than Cepheids, it is not surprising that we do not find strong CO effects in the PC relation and
color curve. The [3.6] − [4.5] PC relation appears to be flat, even when including Galactic RRL
stars with very different metallicities. Therefore, RRL observations at 4.5 µm are not limited by
strong metallicity effects as Cepheids are, and this band can be successfully used for distance scale
measurements with similar accuracy as the 3.6 µm band. The weakness of the 4.5 µm CO band in
RRL stars, however, prevents this feature from being used as metallicity indicator for this class of
variables.
4.4 Mid-infrared Leavitt law zero point calibration and M4 distance modulus
The CRRP project relies on establishing RRL variables as highly accurate indicators for the
first rung of the cosmological distance scale, by using their MIR Leavitt law. The zero point of
this relation, however, needs to be calibrated. Efforts in this direction have been made in the
recent past by using Galactic RRL stars observed by WISE (Madore et al., 2013; Klein et al.,
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Table 4.3. Fundamentalized period-color relations.
Color aa ba σ
V - J 1.264± 0.058 1.326± 0.182 0.101
V - K 1.606± 0.069 1.849± 0.218 0.121
V - [3.6] 1.656± 0.070 1.868± 0.216 0.111
V - [4.5] 1.690± 0.077 2.014± 0.239 0.119
[3.6]− [4.5] 0.018± 0.010 0.053± 0.031 0.015
aPC parameters of the form color = a+ b log(P )
2014), but the accuracy of the calibration has been limited by the uncertainties in the photometry
and distance of the calibrators. As mentioned in Section 4.1, the CRRP project addresses this
issue with the observations of 55 Galactic RRL stars whose geometric parallax will be determined
better than 2-3% with the second release of the Gaia mission. The second release from Gaia is not
expected until April 2018, and so until then we must use five bright RRL stars with parallax already
determined by Benedict et al. (2011) using the Hubble Space Telescope (HST) Fine Guidance Sensor
(FGS). Ground-based monitoring and spectral observations of the calibrators is ongoing, to ensure
the characterization of their pulsation properties and, if required, to allow the calibration of the
metallicity dependence of the Leavitt law.
In addition to using an empirical calibration of the Leavitt law, we can estimate the distance to
M4 using a theoretical calibration. Neeley et al. (2017) provided new theoretical period-luminosity-
metallicity (PLZ) relations at IRAC wavelengths, based on pulsation models. We will compare our
empirical relations to these theoretical predictions, in order to determine an alternative distance.
4.4.1 Zero point calibration using HST RR Lyrae stars
As mentioned above, at present there are only five RRL variables with available geometric
parallax, i.e. the aforementioned stars observed with HST/FGS by Benedict et al. (2011): RR Lyr,
UV Oct, SU Dra XZ Cyg (RRab stars) and RZ Cep (RRc). The four RRab pulsators are the same
stars used by Madore et al. (2013) to calibrate the RRL Leavitt law in the WISE bands. Even
for these stars, however, the uncertainty in their distance modulus is still large (up to 0.25 mag),
63
Table 4.4. IRAC magnitudes for Galactic RRL stars.
RZ Cep XZ Cyg UV Oct RR Lyr SU Dra
Period 0.308645 0.466579 0.542600263 0.566805 0.660419
[Fe/H] −1.80± 0.2 −1.43± 0.2 −1.56± 0.11 −1.50± 0.13 −1.83± 0.2
E(B − V ) 0.252 0.100 0.090 0.042 0.010
A[3.6] 0.051 0.020 0.018 0.009 0.002
A[4.5] 0.039 0.016 0.014 0.007 0.002
Parallax (mas) 2.54± 0.19a 1.67± 0.17 1.71± 0.10 3.77± 0.13 1.42± 0.16
LKH correction -0.05 -0.09 -0.03 -0.02 -0.11
(m−M)0b 8.03± 0.16 8.98± 0.22 8.87± 0.13 7.14± 0.07 9.35± 0.24
[3.6] 7.891± 0.007 8.676± 0.016 8.200± 0.014 6.486± 0.014 8.616± 0.019
[4.5] 7.865± 0.006 8.645± 0.017 8.174± 0.014 6.468± 0.014 8.588± 0.019
M [3.6] −0.190± 0.160 −0.324± 0.221 −0.688± 0.131 −0.663± 0.071 −0.736± 0.241
M [4.5] −0.204± 0.160 −0.361± 0.221 −0.710± 0.131 −0.679± 0.071 −0.764± 0.241
aBenedict et al. (2011) provides two different parallax values for this star. We adopted the value given in
their Section 4.3.2, rather than the number listed in their Table 8, which appears to be inconsistent with the
Leavitt law.
bOur distance moduli are slightly different than the values in Table 8 of Benedict et al. (2011) due to
typographical errors in that paper.
significantly reducing their effectiveness as calibrators for the distance scale. All five stars have
been observed as part of the CRRP program in order to reproduce the Madore et al. (2013) zero
point calibration using the IRAC 3.6 and 4.5 µm bandpasses, and with better phase sampling and
much smaller (∼ 10× better S/N ratio) photometric error. Their basic properties, derived from
Benedict et al. (2011), are listed in Table 4.4. Their periods range from 0.3086 to 0.6642 days, and
their [Fe/H] ranges from −1.43 to −1.83 dex, significantly more metal-poor than M4 itself.
The mean magnitude of each star was computed as explained in Section 4.2.1. Each calibrator
was then corrected for extinction, adopting the E(B − V ) reddening from Benedict et al. (2011).
The extinction corrections were computed using the same A3.6/E(B − V ) and A4.5/E(B − V )
relations as in Section 4.2.1. The absolute mean magnitudes, as well as the parallax, LKH correction
(Lutz and Kelker, 1973; Hanson, 1979), distance moduli, extinction corrections, and apparent mean
magnitudes are given in Table 4.4. We have elected not to use LKH corrections (Lutz and Kelker,
1973; Hanson, 1979) to invert the parallaxes into distance moduli. (Benedict et al., 2011) contains
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two conflicting results about the parallax to RZ Cep and although the value of 2.12 mas is their
preferred solution (Benedict, private communication), we chose to adopt the 2.54 mas solution
with an Av = 1 mag (assuming a mean spectral type of A5 (Preston, 1959) and (B − V )0 = 0.15)
which appears to be more consistent with the new photometric data. The dominating factor in the
uncertainty of the absolute mean magnitudes is the uncertainty in their distances.
Based on theoretical MIR PLZ relations, the slope of the RRL Leavitt law is expected to be
only weakly dependent on metallicity (Neeley et al., 2017). Therefore, for this work we elected
to adopt the well constrained slope of the fundamentalized Leavitt law derived in Section 4.3,
rather than relying on just five Galactic calibrators (having a smaller range in period than the M4
RRL stars) to simultaneously fit both slope and zero point. Figure 4.9 shows the resulting Leavitt
law, derived after fundamentalizing the period of RZ Cep. Both the RRab and fundamentalized
calibrated Leavitt laws derived using a one parameter fit are given in Table 4.5. With only one
calibrating RRc star, we have not provided calibrated RRc only relations. The uncertainty in the
zero point is calculated by
√∑
i
σ2i /5 and σi are the uncertainties of the absolute magnitudes for the
five calibrator stars used in the fit. The largest factor in the uncertainty of the zero point derived
above is due to the uncertainty in the distance modulus of the calibrators, but it is a factor of 3
better than the value obtained in Madore et al. (2013) where both the slope and zero point were
fit simultaneously and only four stars were used. In the first two IRAC bands, the slope we obtain
is marginally shallower (but still consistent, within the error) than the values published by Klein
et al. (2014) and Madore et al. (2013) for the WISE W1 and W2 bands. For the longer 5.8 and
8.0 µm bands, the slope is based on single epoch photometry of the M4 RRL, so the uncertainties
and dispersion are significantly larger. In addition, no photometry of the five calibrating RRL
was available in these bands, so the calibrated zero point is determined by applying the average
distance modulus measured from the 3.6 and 4.5 µm bands to the apparent zero point. Further
improvements in the uncertainty of the zero point will be possible when more accurate parallaxes
for all our calibrator RRL stars are obtained with the Gaia second data release.
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Figure 4.9: The calibrated IRAC RRL Leavitt law. The filled circles represent the absolute mag-
nitudes of five Galactic RRL stars. In order of increasing period: RZ Cep, XZ Cyg, UV Oct, RR
Lyr (black point), and SU Dra. The period of RZ Cep has been fundamentalized with the same
relationship adopted for the M4 RRc stars: logPFUN = logPFO + 0.127. The Leavitt laws are
shown by the dashed lines, with a slope determined by the M4 cluster data.
4.4.2 M4 distance modulus
From the zero point calibration of the MIR RRL Leavitt law in the previous section, we can
derive the true distance modulus of M4:
µ[3.6] = 11.353± 0.04 (stat)± 0.089 (syst)± 0.015 (cal)± 0.020 (ext) (4.1)
µ[4.5] = 11.363± 0.03 (stat)± 0.089 (syst)± 0.013 (cal)± 0.016 (ext) (4.2)
Table 4.5. Calibrated empirical Leavitt laws for M4
Band aa ba σb a b σ a b σ
FO FU FU+FO
[3.6] −1.008± 0.170 −2.75± 0.42 0.075 −1.155± 0.089 −2.34± 0.14 0.040 −1.112± 0.089 −2.30± 0.11 0.055
[4.5] −1.032± 0.170 −3.00± 0.33 0.056 −1.170± 0.089 −2.36± 0.17 0.044 −1.139± 0.089 −2.34± 0.10 0.053
[5.8] −1.220±0.29 −3.18± 0.56 0.10 −1.239± 0.11 −2.43± 0.34 0.096 −1.190± 0.09 −2.34± 0.20 0.10
[8.0] −1.263±0.55 −3.13± 1.20 0.20 −1.270± 0.10 −2.45± 0.28 0.074 −1.187± 0.10 −2.22± 0.25 0.12
am = a+ b logP
bDispersion of RRL in the cluster M4.
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Figure 4.10: Deviations from the Leavitt law as a function of metallicity. Galactic RRL stars are
shown with solid circles (the darker point, with the smallest error bars is RR Lyr) and the average
of all stars in M4 is shown as a open square.
where we have adopted the global M4 Leavitt law using the fundamentalized period of RRc stars.
The error on the distance modulus comes from four sources. The statistical error is the uncertainty
in the zero point of the cluster Leavitt law, and is derived from the least squares fit to the IRAC
data. The systematic error is the uncertainty in the calibrated PL zero point, given in the previous
section. The calibration error is the dispersion in our photometric zero point calibration to standard
IRAC Vega magnitudes, described in Section 4.2. The extinction error is the derived from the
uncertainty due to differential reddening given in Section 4.3.
The distance modulus we find is slightly larger than expected, based on previous works (11.30±
0.05 in Kaluzny et al. (2013), 11.28±0.06 in Hendricks et al. (2012), and 11.35±0.03±0.05 in Braga
et al. (2015), this last value derived using RR Lyr itself as zero point calibrator), but agree within
1σ. If we exclude the systematic error, which will be significantly reduced once high accuracy
geometric parallaxes for a large sample of calibrators will become available from Gaia, we have
an overall uncertainty better than 0.5% in each band. The average distance modulus of the two
wavelengths then is:
µ = 11.358± 0.028 (stat)± 0.089 (syst)± 0.015 (cal)± 0.020 (ext) (4.3)
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where the statistical error is reduced by a factor of ∼ √2 (since by using both bands we take
advantage of twice the number of available data points). Note that in this case the overall error
is reduced to 1%, small enough to allow the study of higher order parameters in the RRL Leavitt
law, first of all the possible dependence on metallicity, once data from more clusters is analyzed.
Based on the models presented in Neeley et al. (2017), while the dependence of the PL slope
from metallicity is weak, we do expect a larger effect of [Fe/H] on the Leavitt law zero point.
Therefore calibrating the PL relation with Galactic RRL, all with different metallicities, may induce
a significant error. Figure 5.18 addresses this issue, by plotting the residual between the absolute
mean magnitude of each calibrator and the value predicted by the Leavitt law, as a function of
their metallicity. The metallicities used in the plot are listed in Table 4.4, and are the same listed in
Benedict et al. (2011) (see references therein for the original source of the metallicity measurement),
converted from the original Zinn and West (1984) metallicity scale to the more recent Carretta et al.
(2009) scale. For RR Lyr and UV Oct an extra step was necessary to correct for the different solar
abundances used by Kolenberg et al. (2010) when measuring the metallicity of these two stars, with
respect to the Carretta et al. (2009). Due to the large uncertainties in absolute magnitude and
metallicity of the Galactic RRL stars, no trend is apparent (slope of -0.2±0.3 mag/dex).
The distance modulus and reddening to M4 can also be fit using theoretical PLZ relations in a
similar method to the Galactic RRL in Chapter 2. Here, instead of fitting an individual distance
and extinction for each star, we derived the average µ and AV of the cluster. We combined our
data with RIJHKs magnitudes from Stetson et al. (2014), and a reddened distance modulus for
each band was calculated by averaging the difference between observations and predicted absolute
magnitude from the theoretical PLZ relations. The true distance modulus and visual extinction
were then fit using a least squares fit (mλ − Mλ = µ0 + AV (Aλ/AV )), but now the reddening
coefficients Aλ/AV are defined by a reddening law specific to M4 (Hendricks et al., 2012). This
reddening law accounts for the fact that the cluster is behind the ρ Oph cloud by adopting a higher
dust parameter (RV = 3.62) than the Cardelli law (RV = 3.1). Figure 4.11 shows the extinction
corrected distance moduli for each band. Single epoch archival data for the two longer Spitzer
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bands are also shown for reference as open circles, but were not included in the fit. The dashed lines
represent how the uncertainty in extinction propagates with wavelength. The final distance modulus
is µ0 = 11.257 ± 0.035 mag, and the V band extinction is AV = 1.45 ± 0.12. This is consistent
with our results from purely empirical NIR and MIR Leavitt laws, µ=11.283±0.010±0.018 (Braga
et al., 2015), µ[3.6] = 11.353±0.095 and µ[4.5] = 11.363±0.095 respectively. Our measured distance
modulus of µ = 11.257 is also consistent with recent measurements from a variety of other primary
distance methods, and we will highlight a few here (Braga et al., 2015). Hendricks et al. (2012)
estimates AV = 1.39± 0.01 and µ = 11.28± 0.06 so our measurements are within 1σ. The distance
to M4 was also recently been measured by Kaluzny et al. (2013) using three eclipsing binary stars,














µ = 11.257±0.035 Av = 1.45±0.12 σ = 0.025
R I J H K [3.6] [4.5] [5.8] [8.0]
Figure 4.11: Derived extinction corrected distance modulus of M4 for all available bands. Only
points plotted with filled circles were used in calculating the band averaged distance modulus and
extinction, and the remaining bands are shown only for reference. The solid line is the average
distance modulus, and the dashed lines indicate how the uncertainty in extinction propagates with
wavelength.
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CHAPTER 5. THE LEAVITT LAW FOR RR LYRAE STARS IN
GLOBULAR CLUSTERS
5.1 Introduction
In Chapter 4 we demonstrated the potential of RRL Leavitt laws in the MIR. Now, we add
the analysis of four additional clusters, NGC 3201, M5, M15, and M14. They were selected to
have a large number of known RRL, and to cover a range of metal abundance. For all clusters,
we adopt the iron abundance listed in the 2010 edition of the Harris catalog of globular clusters
(Harris, 1996), hereafter H10, which is in the scale of Carretta and Gratton (1997). The list of
known RRL comes from the most recent update (as of Nov 2017) to C.M. Clement’s catalog of
variables in Globular Clusters1, hereafter CC (Clement et al., 2001). NGC 3201 is relatively nearby,
µ0 = 13.32± 0.06 (Piersimoni et al., 2002), and close to the Galactic plane. The cluster NGC 3201
hosts 86 RRL, and has a metallicity of [Fe/H] = −1.59 . There is evidence that NGC 3201 suffers
from differential reddening, but we adopt a color excess value of E(B − V ) = 0.25± 0.02 (Layden
and Sarajedini, 2003). According to CC, M5 contains 130 RRL. It is a metal-intermediate cluster
with [Fe/H] = −1.29 and a very low reddening value of E(B − V ) = 0.03 (H10). M15 is the
only metal-poor cluster in this work, with [Fe/H] = −2.37. Although it is metal-poor, it has a
different horizontal branch morphology than other metal-poor clusters, and actually has the highest
number of RRL at 163. The reddening we adopt for this cluster is E(B − V ) = 0.10. M14 is a
metal-intermediate cluster with [Fe/H] = −1.28. While M14 has a high number of RRL (112), it




All MIR observations were obtained as part of the Carnegie RR Lyrae Program (CRRP), PID
90088 (Freedman et al., 2012), with the InfraRed Array Camera (IRAC, (Fazio et al., 2004)), during
Cycle 9 of the warm mission of Spitzer Space Telescope (Werner et al., 2004). We downloaded the
Basic Calibrated Data (BCDs) and the post-BCD mosaics produced by the pipeline S19.2 from the
Spitzer Heritage Archive. All data was taken with 30s frame times.
NGC3201, M5, and M15 are all larger than the field of view of IRAC, and so were covered by
a 3 × 2 mapping pattern. M14 was able to be covered in a single pointing. For all clusters, we
adopted a medium scale five-point Gaussian dither pattern. The focal plane arrangement of IRAC
means that two adjacent fields are observed simultaneously in the [3.6] and [4.5] bands. For the
clusters with mapping, this results in an area of roughly 9′ × 11′ centered on the cluster covered
in both bands, and fields with an area of roughly 7′ × 11′ on either side of the cluster covered in
one of the two bands. For M14, the area covered by both bands is roughly 7′× 7′, with equal sized
areas on either side covered in one band. A footprint of our MIR observations for each cluster are
shown in Figures 5.1. For each cluster, twelve epochs were observed over the span of 15 hours on
the following respective dates: April 23, 2014 (NGC 3201 and M5), Aug 20 - 21, 2014 (M15), and
May 30 - 31, 2014 (M14).
With only twelve epochs and low amplitudes in the MIR, it is unfeasible to do variable searches
and measure pulsation parameters (i.e. periods) on the IRAC data. Therefore, we compiled archival
ground based optical data (BV I) for each of our clusters to complement the MIR. In summary,
our optical observations consist of 127,597 individual images of NGC 3201 in 38 observing runs,
56,472 images of M5 in 39 observing runs, 178,422 images of M15 in 34 observing runs, and 114,866
images of M14 in 19 observing runs. The photometry for all of these images was re-derived using
the DAOPHOT suite of programs (Stetson, 1987, 1996), following the procedure outlined in Stetson
et al. (2014), and calibrated to the Johnson BV , Kron/Cousins I photometric system (Stetson,
2000, 2005). Our final optical catalogs contain 128,697 stars for NGC 3201, 89,890 stars for M5,
87,966 stars for M15, and 81,117 stars for M14.
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Figure 5.1: Footprint of our IRAC observations (from top to bottom, left to right) of NGC 3201,
M5, M15, and M14 over-plotted on a DSS image. NGC 3201, M5, and M15 were observed with
a 3 × 2 mapping pattern, while M14 was covered with a single pointing. Five dither positions for
each pointing were used in all cases. Cyan and magenta boundaries indicate the 3.6 and 4.5µm
fields of view, respectively.
Using the optical data as in input source catalog, the photometry for the IRAC data was
performed and calibrated according to the pipeline detailed in Chapter 3. We recovered 44,422
sources in NGC 3201, 45,303 sources in M5, 48,790 sources in M15, and 24,815 sources in M14.
The RRL listed in CC were identified by their coordinates, and the periods fit independently on
the optical data. Tables A.5–A.8 list the period, pulsation mode, and average magnitudes in the
BV I, [3.6] and [4.5] bands for all positively identified RRL in each cluster, while Tables A.9–A.12
provide the amplitudes. In the optical bands, we were able to identify 68 out of 86 known RRL in
NGC 3201, 84 of 130 known RRL in M5, 132 of 163 known RRL in M15, and 108 of 112 known
RRL in M14. Light curves for all identified stars are available in Appendix B. Figures 5.2, 5.4, 5.6,
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and 5.8 show the optical to MIR color magnitude diagrams (CMDs) for each cluster. To reduce
the contamination from foreground and background stars, we plot only the stars within an annulus
around the center of the cluster. Figures 5.3, 5.5, 5.7, and 5.9 show the amplitude versus period
(Bailey diagram) in the V , [3.6], and [4.5] bands, and the first overtone and fundamental pulsation
modes are clearly distinguished.


























Figure 5.2: Optical to MIR color–magnitude diagram for NGC 3201. In order to minimize contam-
ination from non-members, sources were restricted to an annulus of 150 to 300′′ around the cluster
center. The RRc and RRab stars are over plotted as blue and red circles respectively.













































Figure 5.3: Amplitude versus period for the RRL in NGC 3201. The left panel shows the traditional
Bailey diagram, V band, while the middle and right panels use the [3.6] and [4.5] amplitudes
respectively. RRc stars are plotted as blue circles while RRab stars are plotted as red circles. Open
circles indicate variables that were ultimately not included in the fit of the Leavitt laws.
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Figure 5.4: Optical to MIR color–magnitude diagram for M5. In order to minimize contamination
from non-members, sources were restricted to an annulus of 150 to 300′′ around the cluster center.
The RRc and RRab stars are over plotted as blue and red circles respectively.









































Figure 5.5: Amplitude versus period for the RRL in M5. The left panel shows the traditional Bailey
diagram, V band, while the middle and right panels use the [3.6] and [4.5] amplitudes respectively.
RRc stars are plotted as blue circles while RRab stars are plotted as red circles. Open circles
indicate variables that were ultimately not included in the fit of the Leavitt laws.
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Figure 5.6: Optical to MIR color–magnitude diagram for M15. In order to minimize contamination
from non-members, sources were restricted to an annulus of 150 to 300′′ around the cluster center.
The RRc, RRab, and double mode stars are over plotted as blue, red, and green circles respectively.












































Figure 5.7: Amplitude versus period for the RRL in M15. The left panel shows the traditional
Bailey diagram, V band, while the middle and right panels use the [3.6] and [4.5] amplitudes
respectively. RRc stars are plotted as blue circles while RRab stars are plotted as red circles.
Double mode pulsators are indicated by green circles. Open circles indicate variables that were
ultimately not included in the fit of the Leavitt laws.
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Figure 5.8: Optical to MIR color–magnitude diagram for M14. In order to minimize contamination
from non-members, sources were restricted to an annulus of 150 to 300′′ around the cluster center.
The RRc and RRab stars are over plotted as blue and red circles respectively.











































Figure 5.9: Amplitude versus period for the RRL in M14. The left panel shows the traditional
Bailey diagram, V band, while the middle and right panels use the [3.6] and [4.5] amplitudes
respectively. RRc stars are plotted as blue circles while RRab stars are plotted as red circles. Open
circles indicate variables that were ultimately not included in the fit of the Leavitt laws.
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5.3 MIR Leavitt laws
5.3.1 Empirical
Before computing the empirical Leavitt laws for our clusters, we first removed any contaminants
such as the misidentified stars and stars with poor quality photometry (due to blending e.g.).
Misidentified stars and severely blended stars were first identified by their position on the CMD.
Any stars that were clearly not located on the horizontal branch were removed from our sample.
Then we inspected the light curves by eye to reject stars with poor photometry. We considered the
light curve to be of poor quality if: (a) the uncertainties on each of the individual measurements
were large (> 0.1 mag), (b) the shape of the light curve, particularly the phase of minimum light,
was not consistent with other bands, or (c) no periodic light curve was apparent. Double mode
stars or stars where we could not determine the mode were also excluded from the PLs. All light
curves, including those that were rejected are included in Appendix B. Here, in Figure 5.10, we
show examples of stars that fall under one of our four rejection criteria.
One final cut is made before measuring the Leavitt laws. Globular clusters are home to extreme
crowding, and with the resolution of IRAC it is inevitable that some of our sources will be blended.
In future work we hope to employ a method to de-blend these stars using the higher resolution
optical data, but for now, we simply choose to mask the central most regions of each cluster. We
determine a cut in radial distance from the center of the cluster, according to the half-light radius
provided in the Harris catalog. When the half-light radius is large, the stars are less concentrated
in the central regions, and the photometry is reliable deep into the core. When the half-light radius
(rh) is small, we need to mask a larger area around the core of the cluster. Therefore, we calculate
the radial threshold as 1000rh/3 . For our clusters, the radial cutoff ranges from 15
′′ for NGC 3201, to
50′′ for M15. This excludes between zero and four RRL per cluster from the Leavitt laws. The
resulting Leavitt laws are shown in Figures 5.11 - 5.14. The top panels show the separate RRc and
RRab relations, and in the bottom panels the periods of the RRc stars have been fundamentalized






















































































Figure 5.10: Examples of rejected light curves. Top left: This star did not fall on the horizontal
branch. Top right: While the shape of this star is similar to the optical light curves, the uncertainties
on the individual measurements are large. Bottom left: The shape of the [3.6] light curve is not
consistent with the shapes in the BV I or [4.5] bands. Bottom right: This is a clear misidentification,
since there is no clear light curve in the MIR band.
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due to their radial distance from the center of the cluster. The coefficients of the empirical Leavitt
laws for each cluster are available in Table 5.1.
























































Figure 5.11: Empirical Leavitt laws for the cluster NGC 3201. The top panels show separate RRc
(blue circles) and RRab (red circles) and their respective relations in the [3.6] and [4.5] bands. The
bottom panels show the fundamentalized relations.
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Figure 5.12: Empirical Leavitt laws for the cluster M5. The top panels show separate RRc (blue
circles) and RRab (red circles) and their respective relations in the [3.6] and [4.5] bands. The bottom
panels show the fundamentalized relations. Open circles indicate variables that were excluded from
the fit, because they are located within the central 28′′.
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Figure 5.13: Empirical Leavitt laws for the cluster M15. The top panels show separate RRc (blue
circles) and RRab (red circles) and their respective relations in the [3.6] and [4.5] bands. The bottom
panels show the fundamentalized relations. Open circles indicate variables that were excluded from
the fit, because they are located within the central 50′′.
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Figure 5.14: Empirical Leavitt laws for the cluster M14. The top panels show separate RRc (blue
circles) and RRab (red circles) and their respective relations in the [3.6] and [4.5] bands. The bottom
panels show the fundamentalized relations. Open circles indicate variables that were excluded from
the fit, because they are located within the central 38′′.
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Table 5.1. Empirical Leavitt laws for NGC 3201, M5, M15, and M14
Cluster Band aa ba σ
RRc only
NGC 3201 [3.6] · · · · · · · · ·
NGC 3201 [4.5] 12.41± 0.43 −1.52± 0.84 0.02
M 5 [3.6] 12.89± 0.17 −2.42± 0.33 0.01
M 5 [4.5] 13.03± 1.21 −2.12± 2.43 0.06
M 15 [3.6] 13.60± 0.37 −2.48± 0.82 0.12
M 15 [4.5] 13.62± 0.28 −2.42± 0.62 0.08
M 14 [3.6] 12.36± 0.42 −4.31± 0.85 0.04
M 14 [4.5] 12.68± 0.60 −4.06± 1.26 0.05
RRab only
NGC 3201 [3.6] 12.14± 0.06 −2.77± 0.23 0.04
NGC 3201 [4.5] 12.15± 0.07 −2.75± 0.28 0.04
M 5 [3.6] 13.30± 0.12 −1.97± 0.44 0.08
M 5 [4.5] 13.22± 0.10 −2.27± 0.36 0.07
M 15 [3.6] 13.87± 0.13 −2.55± 0.70 0.08
M 15 [4.5] 13.85± 0.17 −2.60± 0.88 0.11
M 14 [3.6] 13.55± 0.22 −2.43± 0.94 0.22
M 14 [4.5] 13.92± 0.16 −1.51± 0.73 0.13
fundamentalized
NGC 3201 [3.6] 12.14± 0.05 −2.76± 0.20 0.04
NGC 3201 [4.5] 12.19± 0.05 −2.61± 0.20 0.04
M 5 [3.6] 13.23± 0.09 −2.24± 0.31 0.08
M 5 [4.5] 13.19± 0.08 −2.37± 0.28 0.07
M 15 [3.6] 13.86± 0.07 −2.61± 0.27 0.10
M 15 [4.5] 13.84± 0.07 −2.68± 0.26 0.10
M 14 [3.6] 13.47± 0.15 −2.78± 0.57 0.20
M 14 [4.5] 13.83± 0.13 −2.00± 0.55 0.14
am = a+ b logP
The dispersion in the fundamentalized Leavitt laws ranges from 0.04 mag to 0.20 mag, and
increases with cluster distance. This is likely due to two effects: (1) the RRL are fainter in the
further clusters, and so the accuracy of the photometry decreases, and (2) clusters that are further
away have a smaller angular size, and therefore are more sensitive to blending. Masking more
stars in the central regions than our current strategy does not improve the dispersion, because in
globular cluster environments stars farther from the cluster center can still be blended. Clearly a
better diagnostic for contaminated stars is needed. The slope of the Leavitt laws agree within 2σ
of the theoretical PLZ relations presented in Chapter 2, as shown in Figure 5.15. The clusters tend
to have a steeper slope than the theoretical value, indicating there may still be a contribution due
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to blending. The clusters are plotted in order of increasing metal abundance, but the error bars
are too large to identify any significant trend.


























Figure 5.15: Measured slopes of the Leavitt law for each cluster. The horizontal red solid line
indicates the theoretical value obtained in Chapter 2. The blue dashed line is the weighted average
value of the five clusters, and the shaded region represents the 1σ uncertainty. The clusters are
ordered by increasing metallicity; a possible trend is present in the [4.5] band, but we note that the
uncertainty in the slopes are too large to conclusively confirm that hypothesis.
5.3.2 Calibration of the Leavitt laws
As discussed in Chapter 4, we currently have only five RRL with which to calibrate the Leavitt
law. These five stars (four RRab and one RRc) have parallaxes measured with the Fine Guidance
Sensor on the Hubble Space Telescope (Benedict et al., 2011). Future calibrations will use a larger
sample (by a factor of 10) that will have accurate parallaxes measured by Gaia. With such a small
sample, it is beneficial to use the slope measured on clusters to improve the statistics. We opt to
provide only a fundamentalized relation, since we do not have the necessary statistics to accurately
measure a Leavitt law for the RRc stars. The slope of the Leavitt law is not expected to depend on
metallicity (see Chapter 2). Therefore, we combine the slopes from five clusters (the four presented
here and M4 from Chapter 4) in a weighted average to provide a single slope for calibration. An
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updated version of Figure 2.4 is shown here as Figure 5.16 with these results added. The zero
point was then fit to the five calibrating RRL (Figure 5.17), resulting in the following calibrated
relationships:
M[3.6] = −2.424± 0.079 logPf − 1.205± 0.057 (5.1)
M[4.5] = −2.425± 0.076 logPf − 1.225± 0.057 (5.2)














Braga et al. (2015)
DallOra et al. (2004)
This Work (M4 only)
Dambis et al. (2014)
Madore et al. (2013)
This Work (all clusters)
Figure 5.16: An updated version of Figure 2.4, the slope of the Leavitt law versus wavelength, now
including the slope measured from all five clusters in the 3.6 and 4.5µm bands.
We also investigated the zero point of the Leavitt law for evidence of a dependence on metallicity.
For each cluster, the average value of mλ − µ0 − bλ logPf was computed. The uncertainty for each
cluster is determine as the standard deviation of this value. When plotted versus the metallicity of
the clusters, no trend is apparent (Figure 5.18), but clearly the error bars are too large to determine
anything conclusively.
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Figure 5.17: Calibrated Leavitt law for RRL, fit to the five Galactic RRL with HST parallaxes.
The red circles represent the RRab stars (XZ Cyg, UV Oct, RR Lyr, and SU Dra) and the blue
point is the RRc star (RZ Cep). The period of RZ Cep has been fundamentalized. The slope of
this relation was determined from the RRL in five globular clusters.


































Figure 5.18: A test to look for evidence of a metallicity dependence in the zero point of the Leavitt
law. On the y-axis, we plot for each cluster the average absolute magnitude minus the period term
of all stars. The slope used was the calibrated PL value determined using the data from all five
clusters. As shown, the error bars are too large, and we have not covered a sufficient range in
metallicity to empirically see an affect on the zero point.
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5.4 Cluster distances
We derive true distance moduli, µ0, for all five clusters (Table 5.2) by fitting the above calibrated
Leavitt laws to the empirical data. The distance moduli were computed in both the [3.6] and [4.5]
bands, and then a single value was calculated as the weighted average of the two. For M4, we
measure µ0 = 11.416 ± 0.079, which corresponds to a distance of d = 1.92 ± 0.05 kpc. This
agrees well with recent results in the literature; Dambis et al. (2014) derived a distance modulus
of µ0 = 11.44 ± 0.03 using Leavitt laws of RRL in the WISE bands, and Kaluzny et al. (2013)
measured µ0 = 11.30 ± 0.05 using three eclipsing binary stars identified in M4. A comparison
with other results in the literature derived using a variety of methods is shown in the top left
panel of Figure 5.19. The references are D14 (Dambis et al., 2014), S06 (Sollima et al., 2006), H12
(Hendricks et al., 2012), P95 (Peterson et al., 1995), LJ90 (Liu and Janes, 1990), DL93 (Dixon
and Longmore, 1993), L90 (Longmore et al., 1990), B09 (Bedin et al., 2009), H04 (Hansen et al.,
2004), K13 (Kaluzny et al., 2013), and B03 (Bono et al., 2003). For NGC 3201, the averaged
distance modulus is µ0 = 13.435± 0.051, corresponding to d = 4.86± 0.11 kpc, which is within 1σ
of both the D14 and S06 estimates. The remaining distance estimates come from P02 (Piersimoni
et al., 2002), LS03 (Layden and Sarajedini, 2003), and H10 (Harris, 1996). For M5, we found
µ0 = 14.363 ± 0.093, corresponding to d = 7.46 ± 0.32 kpc, which is in very good agreement with
literature values (see middle-left panel in Figure 5.19). Our value lies in between the values from
D14 and S06, which are both derived from IR Leavitt laws. References for the other literature
values are C11 (Coppola et al., 2011), R98 (Reid and Gizis, 1998), C00 (Carretta et al., 2000), S94
(Storm et al., 1994), DC04 (Di Criscienzo et al., 2004), R96 (Rees, 1996), and L05 (Layden et al.,
2005). For M15 we measure µ0 = 15.102± 0.106 and a distance of d = 10.48± 0.51 kpc. This value
agrees with the estimates from S06, H10, and D14, and is within 2σ of the estimates in R97 (Reid,
1997) and O17 (O’Malley et al., 2017). We measure µ0 = 14.801± 0.224 for M14, with a distance
of d = 9.12± 0.94 kpc. The only literature estimate available for this cluster is from H10, and our
value is within 1σ of this result.
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Table 5.2. Cluster Distances
Cluster [3.6] µ0 [4.5] µ0 Averaged µ0 Theoretical µ0
M4 11.404± 0.079 11.428± 0.078 11.416± 0.055 11.257± 0.038
NGC 3201 13.420± 0.067 13.454± 0.076 13.435± 0.051 13.343± 0.032
M5 14.349± 0.137 14.374± 0.127 14.363± 0.093 14.223± 0.084
M15 15.095± 0.149 15.110± 0.152 15.102± 0.106 15.152± 0.101
M14 14.628± 0.370 14.887± 0.262 14.801± 0.224 14.651± 0.214
In addition to our empirical estimate, we also derive distance moduli to each of our clusters
assuming the theoretical PLZ relations derived in Chapter 2. We assumed the iron abundances
from H10 for all of our clusters ([Fe/H] = -1.16 for M4, -1.59 for NGC 3201, -1.29 for M5, -2.37
for M15, and -1.28 for M14). The theoretical values are listed in Table 5.2, as well as plotted as
the orange circles in Figure 5.19. We note that the theoretical PLZ relations predict systematically
smaller distance moduli for the clusters, because the theoretical slope is shallower than empirical
estimates.
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Figure 5.19: Comparison of the distance moduli derived in this work for all five clusters with values
in the literature. Black points are literature estimates from various methods, the blue circle is the
empirical value derived in this paper, and the orange circle is the value derived when using the
theoretical PLZ relations from Chapter 2.
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CHAPTER 6. CONCLUSIONS
6.1 Summary of results
In this dissertation, I present a theoretical and empirical framework to characterize the Leavitt
law for RRL. In Chapter 2, I provided theoretical period–luminosity–metallicity (PLZ) relations
for RRL at MIR wavelengths. The relations were constructed from a large grid of nonlinear, time-
dependent convective hydrodynamical models over a large range of metal abundances and fixed
helium enrichment. Metallicity plays an important role in the zero point of these relations, and
increasing the metal content decreases the zero point (i.e. RRL with higher metal abundances are
fainter). With this in mind, I investigated the effect this would have on the Galactic RRL in the
CRRP sample, and found that if ignored, the metallicity spread (−2.6 < [Fe/H] < −0.1) results
in a scatter of 0.13 mag. When the metallicity component is accounted for, the scatter is reduced
to 0.02 mag. Clearly, metallicity must be considered when analyzing a multi-metallicity sample.
Consider the error budget for the Carnegie-Chicago Hubble Program, as outlined in Beaton et al.
(2016). In order to obtain the projected 3% measurement of H0, it is necessary to keep the precision
of distances measured via the RRL PL relation < 1.7%. They estimated the impact of a multiple
metallicity sample using the scatter in the H band PL relation in the globular cluster ω Cen. Their
estimate (σastro = 0.06 mag) is half the scatter we observe in the CRRP Galactic RRL sample.
Propagating our larger value of σastro = 0.13 mag corresponds to a 3% error on distances, too
large for our desired uncertainty in H0. To reduce the uncertainty, we must empirically calibrate
the metallicity component. Currently, with only five clusters and five Galactic calibrators, this
metallicity effect is not measured. However, this dissertation lays the groundwork for this to be
done with the full CRRP sample of globular clusters and Galactic calibrators.
I also present a method to fit the distance modulus and extinction of individual RRL by com-
paring multi-wavelength observations to our theoretical PLZ relations. At this point the error bars
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on the TGAS distances are too large to make any meaningful comparison with our results for the
full CRRP sample, but I did directly compare my distances to those obtained by Benedict et al.
(2011) with HST for five stars. There is > 1σ disagreement between the theoretical and observa-
tional results for two of the five stars, UV Oct and RR Lyr. For these two stars, both an offset and
a trend with wavelength in the residuals between observations and theory is observed. The trend
with wavelength when using the Benedict et al. (2011) parallaxes indicates an incorrect value for
extinction, but even if this is corrected the offset persists. We offer two possible explanations for
this offset. The first possibility is that the parallax determined in Benedict et al. (2011) is incorrect
for these two stars. It is unlikely that some unknown systematics are affecting the parallax mea-
surement of individual stars, but the Benedict et al. (2011) parallax measurement for UV Oct is
also in greater than 1σ disagreement with the TGAS distance, and there are typographical errors
in both the HST parallax and distance modulus for RZ Cep. The second possibility is that the
MIR photometry for RR Lyr and UV Oct is inconsistent with the average behavior of these stars.
Both of these stars are Blazhko variables and exhibit long term amplitude modulations in their
optical light curves. Since the Spitzer photometry was collected over a single pulsation phase, the
average magnitude derived from one cycle may be different than one derived over many cycles.
However, the WISE photometry is randomly sampled over many different pulsation cycles, and
there is no significant offset between the Spitzer and WISE mean magnitudes. Additionally, XZ
Cyg is also a Blazhko star and shows no offset between the distance derived from theory and by
parallax measurement.
Chapter 3 detailed the photometry pipeline I developed for CRRP, and the globular cluster M4
was used as a test case to prove the goals of the program were feasible. In Chapter 4, I presented
the first ever empirical RRL MIR Leavitt laws in the IRAC bands. Accurate IRAC photometry
allowed us to reduce the error in the slope of the Leavitt law by a factor of at least two from
previous works. It was also demonstrated that the Leavitt law in the IRAC bands is consistent
with previous calibrations using WISE photometry. Optical and infrared period–color relations
were also presented. The steeper slope and smaller dispersion of the V − [4.5] relation suggests
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that it could be preferred over V −Ks for use in the Baade-Wesselink method. Unlike for Cepheid
variables, the [3.6] − [4.5] relation is very shallow, indicating that there is no CO absorption, and
therefore little metallicity effect, in the 4.5 µm band. As a result, the 4.5 µm band can be used as
a distance indicator.
The Leavitt laws in four additional clusters (NGC 3201, M5, M15, and M14) were measured in
Chapter 5, bringing the total sample analyzed in this dissertation to five clusters spanning 1.2 dex in
[Fe/H]. To improve the accuracy of our Spitzer photometry, new source catalogs were derived from
archival ground-based optical BV I data, and I re-derived the pulsation periods and amplitudes
of a total of 460 RRL. The empirical Leavitt law was measured in each cluster, with dispersions
between 0.04 mag and 0.2 mag. The clusters with larger dispersion are located further away, and
likely suffer from blending. A more robust treatment of blending is likely needed in future studies.
From these five clusters, I derived calibrated Leavitt law in two Spitzer bands. The slope of the
Leavitt law was determined as the weighted average of the cluster slopes. The zero point was fixed
using five Galactic RRL with trigonometric parallaxes measured with Hubble Space Telescope. I
tested both the slope and zero point for any dependence on the metallicity of the clusters, but the
limited number of clusters and uncertainties prevent us from measuring any conclusive effect.
The resulting PL relation is consistent within the uncertainties with both the theoretical results
presented in this work, and empirical PL relations measured using the WISE mission satellite.
Distances derived for the clusters also agree with estimates from a variety of other methods. The
empirical measurements of the Leavitt law slope (both from this work and from other authors)
do tend to be systematically steeper than theoretical values. Either the theoretical relations are
affected by some unknown systematic, or, more likely, further evidence that the empirical relations




The second release from the Gaia mission is expected in April 2018, and will provide milli-
arcsecond precision parallax measurements for all of the Galactic RRL in the CRRP sample. This
new data will dramatically improve the quality of the calibration of the Leavitt law, increasing
the number of calibrators tenfold. Including the ∼ 30 clusters still to be analyzed, the globular
clusters in the CRRP sample offer the necessary statistics to nail down the period dependence
of the RRL PL relation, and test for any metallicity dependence of such period slope. Once the
period dependence is fixed, the Galactic RRL will be used to calibrate the zero point and metallicity
dependence. Furthermore, we will utilize multi-wavelength data in order to fit the extinction of
individual objects.
One of the current challenges in measuring the metallicity effect on the Leavitt law is the
availability of reliable [Fe/H] measurements. Current estimates are compiled from a variety of
methods, and typically have an uncertainty of about ±0.2 dex. Based on the theoretical PLZ
relations, in order to reach our goal of 2% distances to individual RRL, the metallicity has to
be known to ±0.1 dex. With this in mind, there are ongoing projects to provide new metallicity
measurements of RRL on a homogeneous scale. These new measurements, when combined with
accurate distances from Gaia, will help provide the most accurate empirical test of the metallicity
effect to date.
Once the final calibration from CRRP is complete, the vast applications of this work will be
realized. The RRL Leavitt law is only one rung on the distance ladder, and other old population
distance indicators are needed to complete the path to H0. The RRL Leavitt law will be used to
calibrate the tip of the red giant branch method, and then beyond distances at which individual
stars can be resolved, the familiar Type Ia Supernovae will be used. One significant advantage
of this Population II route is that more Type Ia Supernovae can be used as calibrators since the
TRGB method does not require a galaxy to have active star formation (as is the case with classical
Cepheids). An accurate Leavitt law for RRL will allow precise mapping of Galactic structures such
as tidal streams. Stellar tidal streams are vital in understanding the evolution of galaxies, as they
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are the remnants of paster minor mergers. The Spitzer Merger History and Shape of the galactic
Halo program (SMHASH Johnston et al. 2013) is already using the results from this dissertation to
study the tidal streams of the Milky Way (Hendel et al., 2017), and the situation will only improve
as more data from CRRP is analyzed.
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APPENDIX A. SUPPLEMENTAL TABLES
Table A.1: Intensity mean magnitudes for entire grid of RRc models
Z Y Msun Te logL logP [3.6] [4.5] [5.8] [8.0] W1 W2 W3 W4
0.0001 0.245 0.80 7200 1.76 -0.5088 -0.381 -0.385 -0.388 -0.393 -0.379 -0.385 -0.399 -0.415
0.0001 0.245 0.80 7100 1.76 -0.4901 -0.426 -0.430 -0.434 -0.439 -0.424 -0.431 -0.445 -0.461
0.0001 0.245 0.80 7000 1.76 -0.4703 -0.475 -0.479 -0.483 -0.488 -0.473 -0.479 -0.495 -0.510
0.0001 0.245 0.80 6900 1.76 -0.4495 -0.525 -0.529 -0.533 -0.538 -0.522 -0.529 -0.544 -0.560
0.0001 0.245 0.80 6800 1.76 -0.4282 -0.574 -0.578 -0.582 -0.587 -0.573 -0.579 -0.595 -0.611
0.0001 0.245 0.80 6700 1.76 -0.4077 -0.622 -0.626 -0.630 -0.636 -0.621 -0.627 -0.643 -0.660
0.0001 0.245 0.80 6600 1.76 -0.3855 -0.669 -0.673 -0.677 -0.682 -0.667 -0.674 -0.690 -0.707
0.0001 0.245 0.80 7100 1.86 -0.4093 -0.679 -0.683 -0.687 -0.692 -0.677 -0.683 -0.698 -0.714
0.0001 0.245 0.80 7000 1.86 -0.3891 -0.726 -0.730 -0.734 -0.739 -0.723 -0.730 -0.746 -0.762
0.0001 0.245 0.80 6900 1.86 -0.3691 -0.774 -0.779 -0.783 -0.788 -0.772 -0.779 -0.794 -0.811
0.0001 0.245 0.80 6800 1.86 -0.3472 -0.823 -0.828 -0.832 -0.837 -0.821 -0.828 -0.844 -0.860
0.0001 0.245 0.80 6700 1.86 -0.3261 -0.872 -0.877 -0.881 -0.887 -0.870 -0.877 -0.893 -0.910
0.0003 0.245 0.72 7200 1.72 -0.5123 -0.285 -0.289 -0.293 -0.298 -0.283 -0.289 -0.303 -0.317
0.0003 0.245 0.72 7100 1.72 -0.4926 -0.331 -0.335 -0.339 -0.344 -0.329 -0.336 -0.350 -0.364
0.0003 0.245 0.72 7000 1.72 -0.4732 -0.379 -0.384 -0.387 -0.392 -0.377 -0.384 -0.398 -0.412
0.0003 0.245 0.72 6900 1.72 -0.4516 -0.428 -0.432 -0.436 -0.441 -0.426 -0.432 -0.447 -0.462
0.0003 0.245 0.72 6800 1.72 -0.4305 -0.477 -0.481 -0.485 -0.490 -0.475 -0.481 -0.496 -0.512
0.0003 0.245 0.72 6700 1.72 -0.4098 -0.525 -0.529 -0.533 -0.538 -0.522 -0.529 -0.544 -0.560
0.0003 0.245 0.72 6600 1.72 -0.3881 -0.570 -0.574 -0.578 -0.583 -0.567 -0.574 -0.589 -0.605
0.0003 0.245 0.72 7100 1.82 -0.4121 -0.581 -0.585 -0.589 -0.594 -0.579 -0.586 -0.600 -0.615
0.0003 0.245 0.72 7000 1.82 -0.3921 -0.628 -0.632 -0.636 -0.641 -0.626 -0.633 -0.647 -0.662
0.0003 0.245 0.72 6900 1.82 -0.3709 -0.676 -0.681 -0.685 -0.690 -0.674 -0.681 -0.696 -0.711
0.0003 0.245 0.72 6800 1.82 -0.3498 -0.725 -0.730 -0.734 -0.739 -0.723 -0.730 -0.745 -0.760
0.0003 0.245 0.72 6700 1.82 -0.3295 -0.774 -0.779 -0.783 -0.788 -0.772 -0.779 -0.794 -0.809
0.0006 0.245 0.67 7200 1.69 -0.5192 -0.213 -0.217 -0.220 -0.225 -0.211 -0.217 -0.230 -0.244
0.0006 0.245 0.67 7100 1.69 -0.4991 -0.258 -0.262 -0.266 -0.271 -0.256 -0.263 -0.276 -0.290
0.0006 0.245 0.67 7000 1.69 -0.4787 -0.306 -0.310 -0.314 -0.318 -0.304 -0.310 -0.324 -0.338
0.0006 0.245 0.67 6900 1.69 -0.4569 -0.354 -0.358 -0.362 -0.367 -0.352 -0.358 -0.372 -0.387
0.0006 0.245 0.67 6800 1.69 -0.4362 -0.403 -0.407 -0.411 -0.415 -0.401 -0.407 -0.421 -0.436
0.0006 0.245 0.67 6700 1.69 -0.4162 -0.451 -0.455 -0.458 -0.463 -0.448 -0.455 -0.469 -0.484
0.0006 0.245 0.67 7000 1.79 -0.3982 -0.555 -0.559 -0.563 -0.568 -0.553 -0.559 -0.574 -0.588
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Table A.1: continued
Z Y Msun Te logL logP [3.6] [4.5] [5.8] [8.0] W1 W2 W3 W4
0.0006 0.245 0.67 6900 1.79 -0.3757 -0.603 -0.607 -0.611 -0.616 -0.600 -0.607 -0.622 -0.636
0.0006 0.245 0.67 6800 1.79 -0.3547 -0.651 -0.656 -0.660 -0.665 -0.649 -0.656 -0.671 -0.686
0.0006 0.245 0.67 6700 1.79 -0.3338 -0.701 -0.705 -0.709 -0.714 -0.698 -0.705 -0.720 -0.734
0.001 0.245 0.64 7200 1.67 -0.5218 -0.167 -0.171 -0.174 -0.178 -0.165 -0.171 -0.182 -0.191
0.001 0.245 0.64 7000 1.67 -0.4813 -0.261 -0.265 -0.269 -0.273 -0.259 -0.265 -0.277 -0.287
0.001 0.245 0.64 6900 1.67 -0.4602 -0.310 -0.314 -0.317 -0.321 -0.308 -0.314 -0.325 -0.336
0.001 0.245 0.64 6800 1.67 -0.4397 -0.358 -0.362 -0.365 -0.370 -0.356 -0.362 -0.374 -0.384
0.001 0.245 0.64 7000 1.77 -0.3931 -0.524 -0.528 -0.531 -0.535 -0.521 -0.528 -0.540 -0.550
0.001 0.245 0.64 6900 1.77 -0.3720 -0.571 -0.575 -0.579 -0.583 -0.569 -0.575 -0.587 -0.598
0.001 0.245 0.64 6800 1.77 -0.3505 -0.619 -0.623 -0.627 -0.631 -0.617 -0.623 -0.636 -0.646
0.004 0.25 0.59 7200 1.61 -0.5398 -0.040 -0.043 -0.046 -0.048 -0.038 -0.043 -0.049 -0.051
0.004 0.25 0.59 6900 1.61 -0.4775 -0.180 -0.183 -0.186 -0.189 -0.178 -0.183 -0.191 -0.194
0.004 0.25 0.59 6800 1.61 -0.4601 -0.222 -0.225 -0.228 -0.231 -0.220 -0.225 -0.233 -0.236
0.004 0.25 0.59 7100 1.71 -0.4361 -0.337 -0.341 -0.343 -0.346 -0.335 -0.341 -0.347 -0.349
0.004 0.25 0.59 7000 1.71 -0.4161 -0.382 -0.385 -0.388 -0.391 -0.380 -0.386 -0.393 -0.395
0.004 0.25 0.59 6900 1.71 -0.3953 -0.430 -0.434 -0.437 -0.440 -0.428 -0.434 -0.442 -0.444
0.004 0.25 0.59 6800 1.71 -0.3739 -0.478 -0.482 -0.485 -0.488 -0.476 -0.482 -0.491 -0.494
0.008 0.256 0.57 7100 1.58 -0.5303 -0.026 -0.029 -0.032 -0.034 -0.024 -0.029 -0.035 -0.035
0.008 0.256 0.57 7000 1.58 -0.5085 -0.073 -0.076 -0.078 -0.081 -0.071 -0.076 -0.082 -0.083
0.008 0.256 0.57 6900 1.58 -0.4877 -0.120 -0.123 -0.126 -0.128 -0.118 -0.123 -0.130 -0.131
0.008 0.256 0.57 6800 1.58 -0.4666 -0.167 -0.170 -0.173 -0.176 -0.165 -0.170 -0.178 -0.179
0.008 0.256 0.57 7000 1.68 -0.4309 -0.311 -0.315 -0.318 -0.320 -0.310 -0.315 -0.321 -0.322
0.008 0.256 0.57 6900 1.68 -0.4086 -0.359 -0.362 -0.366 -0.368 -0.357 -0.363 -0.370 -0.371
0.008 0.256 0.57 6800 1.68 -0.3871 -0.407 -0.410 -0.414 -0.417 -0.405 -0.410 -0.418 -0.420
0.008 0.256 0.57 6600 1.68 -0.3430 -0.505 -0.507 -0.512 -0.515 -0.503 -0.507 -0.518 -0.519
0.02 0.27 0.54 7100 1.49 -0.5915 0.206 0.203 0.201 0.200 0.207 0.203 0.199 0.200
0.02 0.27 0.54 7000 1.49 -0.5690 0.156 0.154 0.151 0.150 0.158 0.154 0.149 0.150
0.02 0.27 0.54 6900 1.49 -0.5505 0.112 0.111 0.107 0.105 0.114 0.110 0.105 0.105
0.02 0.27 0.54 7000 1.59 -0.4864 -0.094 -0.097 -0.100 -0.101 -0.093 -0.098 -0.102 -0.101
0.02 0.27 0.54 6900 1.59 -0.4644 -0.141 -0.143 -0.146 -0.148 -0.139 -0.143 -0.149 -0.149
0.02 0.27 0.54 6800 1.59 -0.4436 -0.187 -0.189 -0.193 -0.195 -0.186 -0.189 -0.196 -0.196
Table A.2: Intensity mean magnitudes for entire grid of RRab models
Z Y Msun Te logL logP [3.6] [4.5] [5.8] [8.0] W1 W2 W3 W4
0.0001 0.245 0.8 6800 1.76 -0.3016 -0.570 -0.574 -0.578 -0.584 -0.567 -0.574 -0.590 -0.607
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Table A.2: continued
Z Y Msun Te logL logP [3.6] [4.5] [5.8] [8.0] W1 W2 W3 W4
0.0001 0.245 0.8 6700 1.76 -0.2795 -0.624 -0.628 -0.633 -0.638 -0.621 -0.629 -0.645 -0.662
0.0001 0.245 0.8 6600 1.76 -0.2574 -0.677 -0.682 -0.686 -0.692 -0.675 -0.682 -0.699 -0.716
0.0001 0.245 0.8 6500 1.76 -0.2358 -0.730 -0.734 -0.739 -0.745 -0.727 -0.734 -0.751 -0.769
0.0001 0.245 0.8 6400 1.76 -0.2124 -0.781 -0.785 -0.790 -0.796 -0.778 -0.785 -0.803 -0.821
0.0001 0.245 0.8 6300 1.76 -0.1892 -0.829 -0.833 -0.838 -0.844 -0.826 -0.834 -0.851 -0.870
0.0001 0.245 0.8 6200 1.76 -0.1650 -0.872 -0.877 -0.882 -0.888 -0.869 -0.877 -0.895 -0.914
0.0001 0.245 0.8 6100 1.76 -0.1421 -0.912 -0.917 -0.921 -0.928 -0.909 -0.917 -0.935 -0.954
0.0001 0.245 0.8 6000 1.76 -0.1178 -0.944 -0.949 -0.954 -0.960 -0.941 -0.949 -0.968 -0.987
0.0001 0.245 0.8 6900 1.86 -0.2389 -0.765 -0.770 -0.774 -0.779 -0.763 -0.770 -0.786 -0.802
0.0001 0.245 0.8 6800 1.86 -0.2180 -0.819 -0.824 -0.828 -0.834 -0.816 -0.824 -0.840 -0.857
0.0001 0.245 0.8 6600 1.86 -0.1744 -0.927 -0.932 -0.936 -0.942 -0.924 -0.932 -0.949 -0.966
0.0001 0.245 0.8 6400 1.86 -0.1282 -1.029 -1.034 -1.039 -1.045 -1.026 -1.034 -1.052 -1.070
0.0001 0.245 0.8 6200 1.86 -0.0813 -1.122 -1.128 -1.132 -1.139 -1.119 -1.128 -1.146 -1.164
0.0001 0.245 0.8 6100 1.86 -0.0567 -1.166 -1.172 -1.177 -1.183 -1.163 -1.172 -1.190 -1.209
0.0001 0.245 0.8 6000 1.86 -0.0334 -1.206 -1.212 -1.217 -1.223 -1.203 -1.212 -1.231 -1.250
0.0001 0.245 0.8 5900 1.86 -0.0088 -1.240 -1.246 -1.251 -1.258 -1.237 -1.246 -1.265 -1.284
0.0001 0.245 0.72 6800 1.96 -0.1034 -1.068 -1.073 -1.077 -1.083 -1.065 -1.073 -1.090 -1.107
0.0001 0.245 0.72 6700 1.96 -0.0822 -1.121 -1.126 -1.131 -1.137 -1.118 -1.127 -1.144 -1.161
0.0001 0.245 0.72 6500 1.96 -0.0355 -1.226 -1.232 -1.236 -1.242 -1.223 -1.232 -1.249 -1.267
0.0001 0.245 0.72 6300 1.96 0.0112 -1.325 -1.331 -1.336 -1.342 -1.322 -1.331 -1.349 -1.367
0.0001 0.245 0.72 6100 1.96 0.0618 -1.419 -1.425 -1.430 -1.437 -1.416 -1.425 -1.444 -1.463
0.0001 0.245 0.72 6000 1.96 0.0865 -1.462 -1.468 -1.473 -1.480 -1.416 -1.425 -1.444 -1.463
0.0001 0.245 0.72 5800 1.96 0.1360 -1.541 -1.547 -1.552 -1.559 -1.537 -1.547 -1.567 -1.587
0.0003 0.245 0.72 6900 1.72 -0.3241 -0.421 -0.425 -0.429 -0.434 -0.418 -0.425 -0.440 -0.454
0.0003 0.245 0.72 6800 1.72 -0.3023 -0.474 -0.479 -0.483 -0.488 -0.472 -0.479 -0.494 -0.509
0.0003 0.245 0.72 6700 1.72 -0.2811 -0.528 -0.533 -0.537 -0.542 -0.526 -0.533 -0.548 -0.564
0.0003 0.245 0.72 6600 1.72 -0.2583 -0.582 -0.586 -0.590 -0.596 -0.579 -0.586 -0.602 -0.618
0.0003 0.245 0.72 6500 1.72 -0.2363 -0.633 -0.637 -0.641 -0.647 -0.630 -0.637 -0.653 -0.669
0.0003 0.245 0.72 6400 1.72 -0.2124 -0.682 -0.687 -0.691 -0.697 -0.679 -0.687 -0.703 -0.720
0.0003 0.245 0.72 6300 1.72 -0.1892 -0.729 -0.733 -0.738 -0.743 -0.726 -0.733 -0.750 -0.767
0.0003 0.245 0.72 6200 1.72 -0.1659 -0.771 -0.776 -0.781 -0.787 -0.768 -0.776 -0.793 -0.810
0.0003 0.245 0.72 6100 1.72 -0.1420 -0.813 -0.817 -0.822 -0.828 -0.809 -0.817 -0.835 -0.852
0.0003 0.245 0.72 6000 1.72 -0.1175 -0.847 -0.852 -0.857 -0.863 -0.844 -0.852 -0.870 -0.887
0.0003 0.245 0.72 6900 1.82 -0.2414 -0.669 -0.673 -0.677 -0.682 -0.666 -0.673 -0.688 -0.703
0.0003 0.245 0.72 6800 1.82 -0.2192 -0.722 -0.727 -0.731 -0.736 -0.720 -0.727 -0.742 -0.757
0.0003 0.245 0.72 6600 1.82 -0.1747 -0.829 -0.833 -0.838 -0.843 -0.826 -0.834 -0.850 -0.866
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Table A.2: continued
Z Y Msun Te logL logP [3.6] [4.5] [5.8] [8.0] W1 W2 W3 W4
0.0003 0.245 0.72 6400 1.82 -0.1287 -0.929 -0.934 -0.939 -0.944 -0.926 -0.934 -0.951 -0.968
0.0003 0.245 0.72 6200 1.82 -0.0806 -1.023 -1.028 -1.033 -1.039 -1.020 -1.028 -1.045 -1.062
0.0003 0.245 0.72 6000 1.82 -0.0326 -1.107 -1.112 -1.117 -1.123 -1.103 -1.112 -1.130 -1.147
0.0003 0.245 0.72 5900 1.82 -0.0088 -1.142 -1.148 -1.153 -1.159 -1.139 -1.148 -1.166 -1.184
0.0003 0.245 0.6 6800 1.92 -0.1067 -0.971 -0.976 -0.981 -0.986 -0.969 -0.976 -0.992 -1.007
0.0003 0.245 0.6 6700 1.92 -0.0848 -1.025 -1.030 -1.034 -1.040 -1.022 -1.030 -1.046 -1.062
0.0003 0.245 0.6 6300 1.92 0.0095 -1.227 -1.233 -1.237 -1.243 -1.224 -1.233 -1.250 -1.266
0.0003 0.245 0.6 6100 1.92 0.0599 -1.320 -1.326 -1.331 -1.337 -1.317 -1.326 -1.344 -1.361
0.0003 0.245 0.6 5900 1.92 0.1090 -1.404 -1.410 -1.415 -1.422 -1.401 -1.410 -1.429 -1.447
0.0003 0.245 0.6 5800 1.92 0.1340 -1.440 -1.446 -1.452 -1.459 -1.437 -1.446 -1.466 -1.484
0.0006 0.245 0.67 6900 1.69 -0.3292 -0.347 -0.351 -0.355 -0.359 -0.345 -0.351 -0.365 -0.378
0.0006 0.245 0.67 6800 1.69 -0.3084 -0.400 -0.405 -0.408 -0.413 -0.398 -0.405 -0.419 -0.433
0.0006 0.245 0.67 6700 1.69 -0.2861 -0.454 -0.458 -0.462 -0.467 -0.451 -0.458 -0.473 -0.488
0.0006 0.245 0.67 6600 1.69 -0.2633 -0.506 -0.511 -0.515 -0.520 -0.504 -0.511 -0.526 -0.541
0.0006 0.245 0.67 6500 1.69 -0.2405 -0.558 -0.562 -0.566 -0.571 -0.555 -0.562 -0.578 -0.593
0.0006 0.245 0.67 6400 1.69 -0.2179 -0.606 -0.611 -0.615 -0.620 -0.603 -0.611 -0.627 -0.642
0.0006 0.245 0.67 6300 1.69 -0.1947 -0.654 -0.658 -0.663 -0.668 -0.651 -0.659 -0.675 -0.691
0.0006 0.245 0.67 6200 1.69 -0.1707 -0.698 -0.702 -0.707 -0.712 -0.695 -0.702 -0.719 -0.734
0.0006 0.245 0.67 6100 1.69 -0.1471 -0.740 -0.744 -0.749 -0.755 -0.736 -0.744 -0.761 -0.776
0.0006 0.245 0.67 6000 1.69 -0.1230 -0.777 -0.781 -0.786 -0.792 -0.773 -0.781 -0.798 -0.814
0.0006 0.245 0.67 6900 1.79 -0.2451 -0.593 -0.598 -0.601 -0.606 -0.591 -0.598 -0.612 -0.625
0.0006 0.245 0.67 6800 1.79 -0.2234 -0.647 -0.651 -0.655 -0.660 -0.644 -0.651 -0.666 -0.679
0.0006 0.245 0.67 6600 1.79 -0.1788 -0.753 -0.757 -0.762 -0.767 -0.750 -0.758 -0.773 -0.787
0.0006 0.245 0.67 6400 1.79 -0.1331 -0.853 -0.858 -0.862 -0.868 -0.850 -0.858 -0.874 -0.890
0.0006 0.245 0.67 6200 1.79 -0.0845 -0.947 -0.952 -0.957 -0.962 -0.944 -0.952 -0.969 -0.984
0.0006 0.245 0.67 6000 1.79 -0.0366 -1.031 -1.036 -1.041 -1.047 -1.027 -1.036 -1.053 -1.069
0.0006 0.245 0.67 5900 1.79 -0.0124 -1.067 -1.072 -1.077 -1.084 -1.064 -1.073 -1.090 -1.106
0.0006 0.245 0.6 6900 1.89 -0.1319 -0.849 -0.854 -0.858 -0.863 -0.847 -0.854 -0.868 -0.880
0.0006 0.245 0.6 6800 1.89 -0.1079 -0.899 -0.904 -0.908 -0.913 -0.896 -0.904 -0.919 -0.933
0.0006 0.245 0.6 6700 1.89 -0.0859 -0.952 -0.957 -0.961 -0.967 -0.949 -0.957 -0.972 -0.987
0.0006 0.245 0.6 6500 1.89 -0.0392 -1.056 -1.061 -1.065 -1.071 -1.053 -1.061 -1.077 -1.092
0.0006 0.245 0.6 6300 1.89 0.0089 -1.155 -1.160 -1.164 -1.170 -1.151 -1.160 -1.176 -1.191
0.0006 0.245 0.6 6000 1.89 0.0838 -1.292 -1.297 -1.302 -1.309 -1.288 -1.297 -1.315 -1.332
0.0006 0.245 0.6 5900 1.89 0.1098 -1.332 -1.338 -1.343 -1.350 -1.329 -1.338 -1.357 -1.373
0.0006 0.245 0.6 5800 1.89 0.1365 -1.373 -1.378 -1.384 -1.390 -1.369 -1.378 -1.397 -1.414
0.0006 0.245 0.6 5700 1.89 0.1610 -1.424 -1.429 -1.436 -1.443 -1.420 -1.429 -1.450 -1.468
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Table A.2: continued
Z Y Msun Te logL logP [3.6] [4.5] [5.8] [8.0] W1 W2 W3 W4
0.001 0.245 0.64 7000 1.67 -0.3518 -0.251 -0.255 -0.258 -0.262 -0.249 -0.255 -0.267 -0.277
0.001 0.245 0.64 6900 1.67 -0.3304 -0.304 -0.308 -0.311 -0.316 -0.302 -0.308 -0.320 -0.330
0.001 0.245 0.64 6800 1.67 -0.3090 -0.357 -0.361 -0.365 -0.370 -0.302 -0.308 -0.320 -0.330
0.001 0.245 0.64 6700 1.67 -0.2872 -0.410 -0.414 -0.418 -0.423 -0.408 -0.414 -0.427 -0.438
0.001 0.245 0.64 6600 1.67 -0.2651 -0.462 -0.466 -0.470 -0.475 -0.459 -0.466 -0.479 -0.490
0.001 0.245 0.64 6500 1.67 -0.2421 -0.512 -0.516 -0.520 -0.525 -0.509 -0.516 -0.530 -0.541
0.001 0.245 0.64 6400 1.67 -0.2191 -0.560 -0.564 -0.569 -0.574 -0.558 -0.564 -0.579 -0.590
0.001 0.245 0.64 6300 1.67 -0.1954 -0.607 -0.610 -0.615 -0.620 -0.604 -0.610 -0.625 -0.637
0.001 0.245 0.64 6200 1.67 -0.1727 -0.650 -0.654 -0.659 -0.664 -0.647 -0.654 -0.669 -0.681
0.001 0.245 0.64 6100 1.67 -0.1482 -0.691 -0.695 -0.700 -0.706 -0.688 -0.695 -0.711 -0.723
0.001 0.245 0.64 6000 1.67 -0.1247 -0.727 -0.730 -0.736 -0.742 -0.724 -0.730 -0.747 -0.759
0.001 0.245 0.64 7000 1.77 -0.2614 -0.513 -0.517 -0.521 -0.525 -0.511 -0.517 -0.530 -0.540
0.001 0.245 0.64 6900 1.77 -0.2395 -0.565 -0.569 -0.573 -0.577 -0.562 -0.569 -0.582 -0.592
0.001 0.245 0.64 6800 1.77 -0.2178 -0.617 -0.621 -0.625 -0.630 -0.615 -0.622 -0.635 -0.645
0.001 0.245 0.64 6700 1.77 -0.1974 -0.669 -0.673 -0.677 -0.682 -0.666 -0.673 -0.686 -0.697
0.001 0.245 0.64 6500 1.77 -0.1515 -0.768 -0.772 -0.776 -0.781 -0.765 -0.772 -0.786 -0.797
0.001 0.245 0.64 6300 1.77 -0.1052 -0.863 -0.867 -0.872 -0.877 -0.860 -0.867 -0.883 -0.894
0.001 0.245 0.64 6100 1.77 -0.0573 -0.949 -0.953 -0.958 -0.964 -0.946 -0.953 -0.969 -0.981
0.001 0.245 0.64 6000 1.77 -0.0340 -0.987 -0.991 -0.996 -1.003 -0.984 -0.991 -1.008 -1.020
0.001 0.245 0.64 5900 1.77 -0.0100 -1.022 -1.025 -1.031 -1.038 -1.018 -1.025 -1.044 -1.056
0.001 0.245 0.64 6900 1.87 -0.1259 -0.819 -0.823 -0.827 -0.832 -0.816 -0.824 -0.837 -0.847
0.001 0.245 0.58 6700 1.87 -0.0819 -0.923 -0.928 -0.932 -0.937 -0.920 -0.928 -0.942 -0.953
0.001 0.245 0.58 6500 1.87 -0.0355 -1.024 -1.028 -1.033 -1.038 -1.021 -1.028 -1.043 -1.054
0.001 0.245 0.58 6400 1.87 -0.0126 -1.072 -1.076 -1.081 -1.086 -1.069 -1.076 -1.091 -1.102
0.001 0.245 0.58 6300 1.87 0.0120 -1.118 -1.123 -1.128 -1.133 -1.115 -1.123 -1.138 -1.150
0.001 0.245 0.58 6100 1.87 0.0606 -1.207 -1.212 -1.217 -1.223 -1.204 -1.212 -1.229 -1.241
0.001 0.245 0.58 5900 1.87 0.1109 -1.286 -1.289 -1.296 -1.303 -1.282 -1.290 -1.309 -1.322
0.004 0.25 0.59 7000 1.61 -0.3608 -0.126 -0.129 -0.132 -0.135 -0.124 -0.129 -0.138 -0.141
0.004 0.25 0.59 6900 1.61 -0.3404 -0.177 -0.180 -0.183 -0.187 -0.175 -0.180 -0.189 -0.192
0.004 0.25 0.59 6800 1.61 -0.3215 -0.222 -0.224 -0.228 -0.232 -0.220 -0.224 -0.235 -0.238
0.004 0.25 0.59 6700 1.61 -0.2974 -0.278 -0.280 -0.285 -0.289 -0.276 -0.280 -0.291 -0.295
0.004 0.25 0.59 6600 1.61 -0.2800 -0.321 -0.322 -0.327 -0.332 -0.319 -0.322 -0.334 -0.338
0.004 0.25 0.59 6500 1.61 -0.2539 -0.378 -0.379 -0.384 -0.389 -0.375 -0.379 -0.392 -0.396
0.004 0.25 0.59 6400 1.61 -0.2312 -0.425 -0.426 -0.431 -0.437 -0.423 -0.426 -0.440 -0.444
0.004 0.25 0.59 6300 1.61 -0.2088 -0.471 -0.471 -0.477 -0.483 -0.469 -0.471 -0.486 -0.491
0.004 0.25 0.59 6200 1.61 -0.1862 -0.514 -0.513 -0.520 -0.526 -0.511 -0.513 -0.529 -0.534
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Table A.2: continued
Z Y Msun Te logL logP [3.6] [4.5] [5.8] [8.0] W1 W2 W3 W4
0.004 0.25 0.59 6100 1.61 -0.1648 -0.553 -0.551 -0.559 -0.566 -0.550 -0.551 -0.569 -0.575
0.004 0.25 0.59 6000 1.61 -0.1412 -0.593 -0.590 -0.598 -0.606 -0.590 -0.589 -0.610 -0.616
0.004 0.25 0.59 6900 1.71 -0.2576 -0.426 -0.429 -0.432 -0.436 -0.423 -0.429 -0.438 -0.442
0.004 0.25 0.59 6800 1.71 -0.2353 -0.477 -0.479 -0.484 -0.487 -0.474 -0.479 -0.490 -0.493
0.004 0.25 0.59 6700 1.71 -0.2193 -0.518 -0.521 -0.525 -0.529 -0.516 -0.521 -0.532 -0.535
0.004 0.25 0.59 6500 1.71 -0.1694 -0.628 -0.629 -0.634 -0.639 -0.625 -0.629 -0.642 -0.646
0.004 0.25 0.59 6300 1.71 -0.1240 -0.723 -0.724 -0.730 -0.736 -0.721 -0.724 -0.739 -0.744
0.004 0.25 0.59 6100 1.71 -0.0764 -0.813 -0.810 -0.818 -0.826 -0.810 -0.810 -0.829 -0.835
0.004 0.25 0.59 5900 1.71 -0.0320 -0.890 -0.885 -0.895 -0.905 -0.887 -0.885 -0.909 -0.915
0.004 0.25 0.53 6800 1.81 -0.1207 -0.730 -0.733 -0.737 -0.742 -0.728 -0.733 -0.744 -0.748
0.004 0.25 0.53 6700 1.81 -0.1015 -0.776 -0.778 -0.783 -0.787 -0.773 -0.778 -0.790 -0.794
0.004 0.25 0.53 6500 1.81 -0.0535 -0.882 -0.884 -0.889 -0.895 -0.879 -0.884 -0.898 -0.902
0.004 0.25 0.53 6400 1.81 -0.0303 -0.931 -0.932 -0.938 -0.944 -0.928 -0.932 -0.947 -0.951
0.004 0.25 0.53 6100 1.81 0.0387 -1.064 -1.062 -1.070 -1.078 -1.061 -1.062 -1.082 -1.087
0.004 0.25 0.53 6000 1.81 0.0621 -1.105 -1.102 -1.111 -1.120 -1.102 -1.102 -1.124 -1.129
0.004 0.25 0.53 5800 1.81 0.1195 -1.216 -1.205 -1.218 -1.232 -1.212 -1.204 -1.237 -1.244
0.004 0.25 0.53 5700 1.81 0.1449 -1.258 -1.243 -1.258 -1.275 -1.255 -1.242 -1.280 -1.287
0.008 0.256 0.57 7000 1.58 -0.3677 -0.067 -0.069 -0.073 -0.076 -0.066 -0.069 -0.077 -0.078
0.008 0.256 0.57 6900 1.58 -0.3465 -0.118 -0.119 -0.123 -0.126 -0.116 -0.119 -0.128 -0.129
0.008 0.256 0.57 6800 1.58 -0.3251 -0.168 -0.168 -0.173 -0.177 -0.166 -0.168 -0.179 -0.180
0.008 0.256 0.57 6600 1.58 -0.2826 -0.267 -0.267 -0.272 -0.277 -0.265 -0.266 -0.279 -0.281
0.008 0.256 0.57 6400 1.58 -0.2365 -0.366 -0.363 -0.370 -0.376 -0.363 -0.363 -0.379 -0.381
0.008 0.256 0.57 6200 1.58 -0.1900 -0.456 -0.451 -0.459 -0.468 -0.453 -0.451 -0.470 -0.473
0.008 0.256 0.57 6000 1.58 -0.1458 -0.541 -0.532 -0.543 -0.554 -0.539 -0.531 -0.557 -0.561
0.008 0.256 0.57 6900 1.68 -0.2668 -0.356 -0.358 -0.362 -0.365 -0.354 -0.358 -0.367 -0.368
0.008 0.256 0.57 6800 1.68 -0.2462 -0.407 -0.407 -0.412 -0.416 -0.404 -0.407 -0.418 -0.420
0.008 0.256 0.57 6600 1.68 -0.2024 -0.506 -0.506 -0.512 -0.517 -0.504 -0.506 -0.519 -0.521
0.008 0.256 0.57 6400 1.68 -0.1574 -0.604 -0.602 -0.609 -0.616 -0.602 -0.602 -0.618 -0.621
0.008 0.256 0.57 6200 1.68 -0.1115 -0.698 -0.693 -0.701 -0.710 -0.695 -0.692 -0.712 -0.716
0.008 0.256 0.57 6000 1.68 -0.0642 -0.786 -0.777 -0.788 -0.799 -0.783 -0.776 -0.802 -0.806
0.008 0.256 0.57 5900 1.68 -0.0402 -0.829 -0.817 -0.829 -0.843 -0.826 -0.816 -0.846 -0.851
0.008 0.256 0.51 6800 1.78 -0.1299 -0.658 -0.660 -0.665 -0.669 -0.656 -0.660 -0.671 -0.672
0.008 0.256 0.51 6700 1.78 -0.1082 -0.710 -0.710 -0.716 -0.721 -0.707 -0.710 -0.723 -0.725
0.008 0.256 0.51 6500 1.78 -0.0621 -0.811 -0.809 -0.816 -0.823 -0.808 -0.809 -0.825 -0.827
0.008 0.256 0.51 6300 1.78 -0.0847 -0.892 -0.887 -0.896 -0.905 -0.889 -0.887 -0.908 -0.911
0.008 0.256 0.51 6100 1.78 0.0314 -0.999 -0.992 -1.002 -1.012 -0.996 -0.992 -1.016 -1.019
114
Table A.2: continued
Z Y Msun Te logL logP [3.6] [4.5] [5.8] [8.0] W1 W2 W3 W4
0.008 0.256 0.51 5900 1.78 0.0851 -1.094 -1.081 -1.094 -1.108 -1.091 -1.080 -1.112 -1.117
0.008 0.256 0.51 5600 1.78 0.1594 -1.254 -1.225 -1.244 -1.271 -1.250 -1.223 -1.276 -1.282
0.02 0.27 0.54 6900 1.49 -0.4014 0.115 0.116 0.111 0.107 0.116 0.116 0.107 0.107
0.02 0.27 0.54 6800 1.49 -0.3795 0.065 0.068 0.062 0.058 0.067 0.068 0.057 0.057
0.02 0.27 0.54 6700 1.49 -0.3557 0.013 0.016 0.010 0.005 0.015 0.017 0.003 0.003
0.02 0.27 0.54 6500 1.49 -0.3129 -0.084 -0.078 -0.086 -0.093 -0.082 -0.078 -0.095 -0.095
0.02 0.27 0.54 6200 1.49 -0.2455 -0.224 -0.213 -0.223 -0.235 -0.222 -0.212 -0.237 -0.238
0.02 0.27 0.54 6000 1.49 -0.2008 -0.314 -0.296 -0.310 -0.325 -0.311 -0.295 -0.328 -0.330
0.02 0.27 0.54 6900 1.59 -0.3148 -0.138 -0.137 -0.142 -0.145 -0.136 -0.137 -0.146 -0.146
0.02 0.27 0.54 6700 1.59 -0.2725 -0.237 -0.234 -0.240 -0.246 -0.235 -0.233 -0.247 -0.247
0.02 0.27 0.54 6500 1.59 -0.2295 -0.334 -0.328 -0.336 -0.343 -0.332 -0.327 -0.345 -0.346
0.02 0.27 0.54 6300 1.59 -0.1834 -0.430 -0.421 -0.431 -0.441 -0.428 -0.421 -0.443 -0.444
0.02 0.27 0.54 6100 1.59 -0.1372 -0.523 -0.509 -0.521 -0.534 -0.521 -0.507 -0.537 -0.539
0.02 0.27 0.54 6000 1.59 -0.1136 -0.569 -0.551 -0.565 -0.581 -0.566 -0.550 -0.583 -0.586
0.02 0.27 0.54 5900 1.59 -0.0943 -0.607 -0.586 -0.601 -0.620 -0.604 -0.584 -0.622 -0.625
0.02 0.27 0.51 6800 1.69 -0.1933 -0.437 -0.437 -0.442 -0.446 -0.436 -0.437 -0.448 -0.448
0.02 0.27 0.51 6700 1.69 -0.1715 -0.488 -0.485 -0.491 -0.497 -0.486 -0.485 -0.499 -0.499
0.02 0.27 0.51 6500 1.69 -0.1268 -0.587 -0.581 -0.590 -0.598 -0.585 -0.581 -0.600 -0.601
0.02 0.27 0.51 6200 1.69 -0.0580 -0.732 -0.720 -0.732 -0.744 -0.730 -0.720 -0.746 -0.748
0.02 0.27 0.51 5900 1.69 0.0122 -0.871 -0.849 -0.865 -0.884 -0.868 -0.848 -0.887 -0.890
0.02 0.27 0.51 5700 1.69 0.0638 -0.972 -0.941 -0.959 -0.987 -0.969 -0.938 -0.991 -0.995
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Table A.3: Theoretical 2-band Period-Wessenheit-Metallicity relations
Filters α a b c σ a b c σ a b c σ
RRc RRab fundamentalized
V,B-V 3.060 -1.474 -2.652 0.022 0.043 -1.109 -2.673 -0.020 0.073 -1.071 -2.489 0.000 0.077
±0.048 ±0.095 ±0.008 ±0.015 ±0.044 ±0.008 ±0.014 ±0.037 ±0.007
R,B-R 1.680 -1.618 -2.818 0.048 0.036 -1.193 -2.738 0.028 0.065 -1.171 -2.610 0.041 0.065
±0.040 ±0.079 ±0.007 ±0.014 ±0.039 ±0.007 ±0.012 ±0.032 ±0.006
R,V-R 4.942 -1.794 -3.021 0.080 0.031 -1.296 -2.817 0.087 0.061 -1.291 -2.757 0.090 0.057
±0.035 ±0.069 ±0.006 ±0.013 ±0.037 ±0.006 ±0.011 ±0.027 ±0.005
I,B-I 0.778 -1.483 -2.770 0.101 0.025 -0.980 -2.493 0.107 0.039 -0.970 -2.403 0.112 0.043
±0.028 ±0.056 ±0.005 ±0.008 ±0.024 ±0.004 ±0.008 ±0.021 ±0.004
I,V-I 1.385 -1.486 -2.810 0.128 0.020 -0.935 -2.431 0.150 0.032 -0.935 -2.374 0.150 0.036
±0.022 ±0.043 ±0.004 ±0.007 ±0.019 ±0.003 ±0.007 ±0.017 ±0.003
I,R-I 2.314 -1.366 -2.728 0.147 0.020 -0.795 -2.281 0.174 0.035 -0.797 -2.225 0.174 0.039
±0.022 ±0.044 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.019 ±0.003
J,B-J 0.273 -1.476 -2.736 0.135 0.022 -0.941 -2.361 0.155 0.032 -0.940 -2.307 0.156 0.036
±0.024 ±0.047 ±0.004 ±0.007 ±0.019 ±0.003 ±0.007 ±0.017 ±0.003
J,V-J 0.398 -1.476 -2.744 0.147 0.020 -0.924 -2.331 0.172 0.032 -0.928 -2.289 0.171 0.035
±0.022 ±0.044 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
J,R-J 0.520 -1.449 -2.720 0.152 0.021 -0.892 -2.288 0.180 0.034 -0.896 -2.248 0.178 0.037
±0.023 ±0.045 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.018 ±0.003
J,I-J 0.960 -1.472 -2.717 0.154 0.021 -0.920 -2.290 0.181 0.034 -0.924 -2.255 0.179 0.036
±0.023 ±0.046 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
H,B-H 0.155 -1.582 -2.888 0.149 0.015 -1.041 -2.495 0.177 0.028 -1.050 -2.500 0.173 0.028
±0.016 ±0.032 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
H,V-H 0.217 -1.587 -2.901 0.156 0.013 -1.037 -2.486 0.187 0.027 -1.049 -2.501 0.182 0.028
±0.015 ±0.029 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,R-H 0.273 -1.578 -2.895 0.159 0.013 -1.025 -2.470 0.192 0.027 -1.038 -2.489 0.186 0.028
±0.014 ±0.028 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
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Table A.3: continued
Filters α a b c σ a b c σ a b c σ
H,I-H 0.443 -1.606 -2.917 0.161 0.013 -1.056 -2.496 0.194 0.027 -1.070 -2.525 0.188 0.027
±0.014 ±0.027 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
K,B-K 0.096 -1.543 -2.837 0.149 0.016 -1.001 -2.435 0.177 0.027 -1.009 -2.431 0.174 0.029
±0.018 ±0.035 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,V-K 0.131 -1.545 -2.843 0.154 0.015 -0.997 -2.428 0.184 0.027 -1.007 -2.430 0.179 0.028
±0.017 ±0.033 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,R-K 0.162 -1.539 -2.838 0.156 0.015 -0.989 -2.417 0.187 0.027 -0.999 -2.421 0.182 0.028
±0.017 ±0.033 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,I-K 0.250 -1.552 -2.846 0.156 0.015 -1.004 -2.427 0.187 0.027 -1.014 -2.435 0.183 0.028
±0.016 ±0.032 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
K,J-K 0.690 -1.580 -2.892 0.157 0.014 -1.033 -2.475 0.190 0.026 -1.046 -2.499 0.184 0.027
±0.015 ±0.030 ±0.002 ±0.005 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,J-H 1.676 -1.720 -3.088 0.167 0.018 -1.173 -2.671 0.206 0.036 -1.195 -2.755 0.195 0.037
±0.020 ±0.039 ±0.003 ±0.008 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
K,H-K 1.873 -1.481 -2.754 0.150 0.020 -0.935 -2.338 0.178 0.031 -0.942 -2.320 0.176 0.032
±0.022 ±0.043 ±0.004 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I1,B-I1 0.052 -1.435 -2.783 0.150 0.018 -0.882 -2.363 0.180 0.030 -0.890 -2.347 0.177 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,V-I1 0.070 -1.435 -2.786 0.152 0.018 -0.879 -2.357 0.184 0.030 -0.887 -2.344 0.180 0.032
±0.020 ±0.039 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,R-I1 0.085 -1.429 -2.782 0.153 0.018 -0.873 -2.351 0.185 0.030 -0.881 -2.338 0.181 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I1,I-I1 0.126 -1.432 -2.784 0.153 0.018 -0.876 -2.353 0.186 0.030 -0.885 -2.343 0.181 0.032
±0.020 ±0.039 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I2,B-I2 0.039 -1.417 -2.770 0.151 0.019 -0.848 -2.328 0.188 0.031 -0.858 -2.311 0.183 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I2,V-I2 0.053 -1.416 -2.771 0.153 0.019 -0.844 -2.323 0.191 0.032 -0.855 -2.308 0.185 0.034
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Table A.3: continued
Filters α a b c σ a b c σ a b c σ
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I2,R-I2 0.064 -1.412 -2.769 0.154 0.019 -0.840 -2.318 0.192 0.032 -0.851 -2.303 0.186 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I2,I-I2 0.094 -1.413 -2.770 0.154 0.019 -0.841 -2.319 0.192 0.032 -0.852 -2.306 0.187 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I3,B-I3 0.039 -1.421 -2.773 0.152 0.019 -0.859 -2.339 0.185 0.031 -0.869 -2.322 0.181 0.033
±0.021 ±0.041 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I3,V-I3 0.053 -1.421 -2.775 0.153 0.019 -0.856 -2.335 0.188 0.031 -0.866 -2.320 0.183 0.033
±0.021 ±0.041 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I3,R-I3 0.064 -1.417 -2.772 0.154 0.019 -0.851 -2.330 0.189 0.032 -0.861 -2.315 0.184 0.033
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I3,I-I3 0.094 -1.418 -2.774 0.154 0.019 -0.853 -2.331 0.190 0.031 -0.863 -2.318 0.185 0.033
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I4,B-I4 0.039 -1.425 -2.778 0.153 0.019 -0.872 -2.354 0.183 0.031 -0.879 -2.337 0.180 0.032
±0.021 ±0.041 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I4,V-I4 0.053 -1.424 -2.779 0.155 0.019 -0.869 -2.350 0.186 0.031 -0.877 -2.335 0.182 0.032
±0.021 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I4,R-I4 0.064 -1.420 -2.777 0.156 0.019 -0.864 -2.345 0.187 0.031 -0.872 -2.330 0.183 0.033
±0.021 ±0.041 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I4,I-I4 0.094 -1.422 -2.778 0.156 0.019 -0.866 -2.347 0.187 0.031 -0.874 -2.333 0.183 0.033
±0.021 ±0.041 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I1,J-I1 0.296 -1.426 -2.795 0.153 0.018 -0.869 -2.363 0.186 0.030 -0.879 -2.356 0.182 0.031
±0.020 ±0.039 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,H-I1 0.575 -1.362 -2.732 0.150 0.022 -0.804 -2.297 0.182 0.034 -0.811 -2.270 0.179 0.036
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I1,K-I1 1.273 -1.310 -2.721 0.150 0.023 -0.745 -2.278 0.184 0.037 -0.752 -2.248 0.180 0.038
±0.025 ±0.050 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.019 ±0.003
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Table A.3: continued
Filters α a b c σ a b c σ a b c σ
I2,J-I2 0.213 -1.407 -2.775 0.154 0.019 -0.832 -2.322 0.194 0.032 -0.844 -2.311 0.187 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I2,H-I2 0.390 -1.361 -2.730 0.152 0.022 -0.783 -2.271 0.192 0.036 -0.793 -2.247 0.186 0.038
±0.024 ±0.047 ±0.004 ±0.007 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
I2,K-I2 0.754 -1.330 -2.723 0.152 0.022 -0.743 -2.254 0.195 0.038 -0.754 -2.227 0.189 0.040
±0.025 ±0.049 ±0.004 ±0.008 ±0.023 ±0.004 ±0.007 ±0.019 ±0.004
I3,J-I3 0.213 -1.412 -2.780 0.154 0.019 -0.846 -2.336 0.191 0.031 -0.856 -2.325 0.185 0.033
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I3,H-I3 0.390 -1.368 -2.735 0.152 0.022 -0.798 -2.287 0.188 0.035 -0.807 -2.262 0.184 0.037
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I3,K-I3 0.754 -1.338 -2.730 0.153 0.022 -0.762 -2.273 0.191 0.037 -0.772 -2.247 0.186 0.038
±0.025 ±0.048 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.019 ±0.003
I4,J-I4 0.213 -1.416 -2.785 0.156 0.018 -0.860 -2.353 0.188 0.031 -0.869 -2.342 0.184 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I4,H-I4 0.390 -1.372 -2.740 0.154 0.021 -0.815 -2.307 0.185 0.034 -0.822 -2.282 0.182 0.036
±0.024 ±0.046 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.017 ±0.003
I4,K-I4 0.754 -1.344 -2.737 0.156 0.022 -0.783 -2.298 0.187 0.035 -0.790 -2.272 0.184 0.037
±0.024 ±0.048 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I2,I1-I2 3.308 -1.359 -2.726 0.155 0.021 -0.739 -2.217 0.212 0.042 -0.757 -2.197 0.202 0.044
±0.024 ±0.047 ±0.004 ±0.009 ±0.025 ±0.004 ±0.008 ±0.021 ±0.004
I3,I1-I3 3.308 -1.378 -2.742 0.157 0.021 -0.787 -2.265 0.202 0.037 -0.800 -2.246 0.195 0.039
±0.023 ±0.046 ±0.004 ±0.008 ±0.023 ±0.004 ±0.007 ±0.019 ±0.004
I4,I1-I4 3.308 -1.393 -2.759 0.163 0.020 -0.838 -2.328 0.193 0.033 -0.844 -2.306 0.190 0.035
±0.023 ±0.044 ±0.004 ±0.007 ±0.020 ±0.004 ±0.006 ±0.017 ±0.003
W1,B-W1 0.052 -1.432 -2.781 0.150 0.018 -0.880 -2.360 0.179 0.031 -0.887 -2.343 0.176 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,V-W1 0.070 -1.431 -2.783 0.152 0.018 -0.876 -2.355 0.183 0.031 -0.884 -2.340 0.179 0.033
119
Table A.3: continued
Filters α a b c σ a b c σ a b c σ
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,R-W1 0.085 -1.426 -2.779 0.153 0.018 -0.870 -2.348 0.184 0.031 -0.878 -2.334 0.180 0.033
±0.020 ±0.040 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,I-W1 0.126 -1.428 -2.781 0.153 0.018 -0.873 -2.351 0.185 0.031 -0.881 -2.338 0.181 0.033
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,B-W2 0.041 -1.420 -2.772 0.151 0.019 -0.850 -2.329 0.188 0.032 -0.860 -2.311 0.183 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
W2,V-W2 0.055 -1.419 -2.773 0.153 0.019 -0.847 -2.325 0.191 0.032 -0.858 -2.309 0.185 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
W2,R-W2 0.067 -1.415 -2.770 0.154 0.019 -0.842 -2.319 0.192 0.033 -0.853 -2.304 0.186 0.035
±0.021 ±0.041 ±0.003 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
W2,I-W2 0.098 -1.416 -2.772 0.154 0.019 -0.843 -2.320 0.192 0.033 -0.854 -2.306 0.187 0.035
±0.021 ±0.041 ±0.003 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
W3,B-W3 0.008 -1.370 -2.740 0.157 0.020 -0.814 -2.305 0.187 0.034 -0.821 -2.281 0.184 0.036
±0.022 ±0.044 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.017 ±0.003
W3,V-W3 0.010 -1.370 -2.740 0.157 0.020 -0.814 -2.304 0.188 0.034 -0.820 -2.281 0.185 0.036
±0.022 ±0.044 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.017 ±0.003
W3,R-W3 0.012 -1.369 -2.740 0.158 0.020 -0.813 -2.303 0.188 0.034 -0.819 -2.280 0.185 0.036
±0.022 ±0.044 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.017 ±0.003
W3,I-W3 0.018 -1.369 -2.740 0.158 0.020 -0.813 -2.303 0.188 0.034 -0.820 -2.280 0.185 0.036
±0.022 ±0.044 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.017 ±0.003
W1,J-W1 0.296 -1.422 -2.791 0.153 0.018 -0.866 -2.360 0.185 0.031 -0.875 -2.351 0.181 0.032
±0.020 ±0.039 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,H-W1 0.574 -1.358 -2.727 0.150 0.022 -0.800 -2.293 0.181 0.036 -0.806 -2.264 0.178 0.038
±0.024 ±0.048 ±0.004 ±0.007 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
W1,K-W1 1.271 -1.303 -2.715 0.150 0.023 -0.740 -2.273 0.182 0.039 -0.746 -2.239 0.179 0.040
±0.026 ±0.051 ±0.004 ±0.008 ±0.024 ±0.004 ±0.007 ±0.020 ±0.004
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Table A.3: continued
Filters α a b c σ a b c σ a b c σ
W2,J-W2 0.224 -1.410 -2.778 0.154 0.019 -0.834 -2.324 0.193 0.033 -0.846 -2.312 0.187 0.035
±0.021 ±0.040 ±0.003 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
W2,H-W2 0.412 -1.362 -2.730 0.152 0.022 -0.782 -2.270 0.192 0.037 -0.793 -2.244 0.186 0.039
±0.024 ±0.047 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.019 ±0.003
W2,K-W2 0.811 -1.328 -2.723 0.152 0.022 -0.739 -2.251 0.195 0.040 -0.751 -2.223 0.189 0.041
±0.025 ±0.049 ±0.004 ±0.008 ±0.024 ±0.004 ±0.008 ±0.020 ±0.004
W3,J-W3 0.036 -1.367 -2.740 0.158 0.020 -0.811 -2.303 0.188 0.034 -0.818 -2.280 0.185 0.036
±0.022 ±0.044 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.017 ±0.003
W3,H-W3 0.059 -1.359 -2.733 0.157 0.021 -0.803 -2.295 0.188 0.035 -0.809 -2.270 0.185 0.036
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
W3,K-W3 0.094 -1.355 -2.732 0.158 0.021 -0.798 -2.293 0.188 0.035 -0.805 -2.268 0.185 0.037
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
W2,W1-W2 4.000 -1.373 -2.737 0.157 0.021 -0.738 -2.212 0.219 0.045 -0.758 -2.193 0.208 0.046
±0.023 ±0.046 ±0.004 ±0.009 ±0.027 ±0.005 ±0.009 ±0.022 ±0.004
W3,W1-W3 0.182 -1.359 -2.733 0.158 0.021 -0.803 -2.295 0.188 0.035 -0.810 -2.271 0.185 0.036
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
W3,W2-W3 0.238 -1.359 -2.733 0.158 0.021 -0.806 -2.299 0.187 0.035 -0.812 -2.274 0.184 0.036
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.017 ±0.003
Table A.4: Theoretical 3-band Period-Wessenheit-Metallicity relations
Filters α a b c σ a b c σ a b c σ
RRc RRab fundamentalized
V,B-R 2.020 -1.583 -2.777 0.042 0.038 -1.172 -2.722 0.017 0.067 -1.146 -2.580 0.031 0.068
±0.042 ±0.083 ±0.007 ±0.014 ±0.040 ±0.007 ±0.013 ±0.033 ±0.006
V,B-I 1.340 -1.480 -2.741 0.082 0.030 -1.011 -2.537 0.075 0.046 -0.995 -2.424 0.084 0.050
±0.033 ±0.065 ±0.005 ±0.010 ±0.028 ±0.005 ±0.009 ±0.024 ±0.004
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
V,B-J 0.959 -1.475 -2.715 0.108 0.026 -0.982 -2.438 0.112 0.037 -0.973 -2.352 0.117 0.041
±0.029 ±0.057 ±0.005 ±0.008 ±0.022 ±0.004 ±0.008 ±0.020 ±0.004
V,B-H 0.871 -1.555 -2.830 0.118 0.021 -1.058 -2.539 0.128 0.036 -1.055 -2.498 0.130 0.036
±0.024 ±0.047 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.017 ±0.003
V,B-K 0.826 -1.526 -2.791 0.118 0.022 -1.027 -2.494 0.129 0.034 -1.024 -2.446 0.131 0.035
±0.025 ±0.048 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.017 ±0.003
V,B-I1 0.793 -1.445 -2.751 0.119 0.023 -0.938 -2.439 0.131 0.033 -0.935 -2.382 0.133 0.036
±0.026 ±0.051 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
V,B-I2 0.783 -1.431 -2.741 0.119 0.024 -0.912 -2.413 0.137 0.032 -0.911 -2.354 0.138 0.036
±0.026 ±0.052 ±0.004 ±0.007 ±0.019 ±0.003 ±0.007 ±0.017 ±0.003
V,B-I3 0.783 -1.434 -2.743 0.120 0.024 -0.921 -2.421 0.135 0.032 -0.919 -2.363 0.137 0.036
±0.026 ±0.052 ±0.004 ±0.007 ±0.020 ±0.003 ±0.007 ±0.017 ±0.003
V,B-I4 0.783 -1.437 -2.747 0.121 0.023 -0.930 -2.433 0.133 0.033 -0.927 -2.374 0.136 0.036
±0.026 ±0.051 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
V,B-W1 0.793 -1.442 -2.749 0.118 0.023 -0.936 -2.437 0.130 0.034 -0.933 -2.379 0.133 0.036
±0.026 ±0.051 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.018 ±0.003
V,B-W2 0.784 -1.433 -2.742 0.119 0.024 -0.914 -2.414 0.137 0.033 -0.912 -2.355 0.138 0.036
±0.026 ±0.051 ±0.004 ±0.007 ±0.020 ±0.003 ±0.007 ±0.017 ±0.003
V,B-W3 0.759 -1.396 -2.718 0.124 0.024 -0.887 -2.395 0.136 0.034 -0.883 -2.332 0.139 0.037
±0.027 ±0.053 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
R,B-I 1.115 -1.533 -2.788 0.082 0.029 -1.059 -2.584 0.077 0.047 -1.045 -2.481 0.085 0.050
±0.032 ±0.064 ±0.005 ±0.010 ±0.029 ±0.005 ±0.009 ±0.024 ±0.004
R,B-J 0.798 -1.529 -2.767 0.103 0.026 -1.035 -2.502 0.108 0.038 -1.026 -2.420 0.113 0.041
±0.028 ±0.056 ±0.005 ±0.008 ±0.023 ±0.004 ±0.008 ±0.020 ±0.004
R,B-H 0.724 -1.595 -2.862 0.111 0.022 -1.098 -2.586 0.121 0.039 -1.095 -2.541 0.123 0.038
±0.025 ±0.049 ±0.004 ±0.008 ±0.024 ±0.004 ±0.007 ±0.019 ±0.003
R,B-K 0.687 -1.571 -2.830 0.112 0.023 -1.073 -2.548 0.122 0.037 -1.069 -2.498 0.124 0.037
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
±0.025 ±0.050 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
R,B-I1 0.659 -1.503 -2.797 0.112 0.023 -0.998 -2.503 0.124 0.035 -0.995 -2.445 0.126 0.037
±0.026 ±0.050 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
R,B-I2 0.651 -1.492 -2.788 0.113 0.023 -0.977 -2.481 0.128 0.033 -0.975 -2.422 0.130 0.036
±0.026 ±0.051 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
R,B-I3 0.651 -1.495 -2.790 0.113 0.023 -0.984 -2.488 0.127 0.034 -0.981 -2.430 0.129 0.036
±0.026 ±0.051 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
R,B-I4 0.651 -1.497 -2.793 0.114 0.023 -0.992 -2.497 0.126 0.034 -0.988 -2.439 0.128 0.037
±0.026 ±0.050 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
R,B-W1 0.659 -1.501 -2.795 0.112 0.023 -0.997 -2.501 0.123 0.035 -0.993 -2.442 0.126 0.037
±0.026 ±0.051 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
R,B-W2 0.652 -1.494 -2.789 0.113 0.023 -0.978 -2.482 0.128 0.033 -0.976 -2.423 0.130 0.036
±0.026 ±0.051 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.018 ±0.003
R,B-W3 0.632 -1.463 -2.769 0.116 0.023 -0.956 -2.466 0.128 0.034 -0.951 -2.404 0.131 0.037
±0.026 ±0.051 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I,B-J 0.557 -1.480 -2.755 0.116 0.023 -0.963 -2.435 0.128 0.034 -0.957 -2.361 0.131 0.039
±0.026 ±0.051 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.019 ±0.003
I,B-H 0.506 -1.526 -2.822 0.122 0.020 -1.006 -2.494 0.137 0.034 -1.005 -2.446 0.139 0.035
±0.023 ±0.045 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
I,B-K 0.480 -1.509 -2.799 0.122 0.021 -0.989 -2.468 0.138 0.033 -0.987 -2.416 0.139 0.035
±0.023 ±0.046 ±0.004 ±0.007 ±0.020 ±0.003 ±0.007 ±0.017 ±0.003
I,B-I1 0.460 -1.462 -2.776 0.123 0.022 -0.937 -2.436 0.139 0.032 -0.935 -2.379 0.140 0.036
±0.024 ±0.047 ±0.004 ±0.007 ±0.019 ±0.003 ±0.007 ±0.017 ±0.003
I,B-I2 0.455 -1.454 -2.770 0.123 0.022 -0.922 -2.420 0.142 0.032 -0.921 -2.363 0.143 0.035
±0.024 ±0.048 ±0.004 ±0.007 ±0.019 ±0.003 ±0.007 ±0.017 ±0.003
I,B-I3 0.455 -1.456 -2.772 0.123 0.022 -0.927 -2.425 0.141 0.032 -0.926 -2.368 0.142 0.035
±0.024 ±0.048 ±0.004 ±0.007 ±0.019 ±0.003 ±0.007 ±0.017 ±0.003
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
I,B-I4 0.455 -1.457 -2.773 0.124 0.022 -0.932 -2.432 0.140 0.032 -0.930 -2.374 0.142 0.036
±0.024 ±0.048 ±0.004 ±0.007 ±0.019 ±0.003 ±0.007 ±0.017 ±0.003
I,B-W1 0.460 -1.461 -2.775 0.123 0.022 -0.936 -2.435 0.138 0.033 -0.934 -2.377 0.140 0.036
±0.024 ±0.048 ±0.004 ±0.007 ±0.020 ±0.003 ±0.007 ±0.017 ±0.003
I,B-W2 0.456 -1.455 -2.771 0.123 0.022 -0.923 -2.421 0.142 0.032 -0.922 -2.363 0.143 0.036
±0.024 ±0.048 ±0.004 ±0.007 ±0.019 ±0.003 ±0.007 ±0.017 ±0.003
I,B-W3 0.441 -1.433 -2.757 0.126 0.022 -0.907 -2.410 0.142 0.033 -0.905 -2.350 0.144 0.036
±0.025 ±0.048 ±0.004 ±0.007 ±0.020 ±0.003 ±0.007 ±0.017 ±0.003
J,B-H 0.248 -1.499 -2.768 0.138 0.020 -0.962 -2.390 0.160 0.030 -0.964 -2.348 0.159 0.033
±0.022 ±0.043 ±0.004 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
J,B-K 0.235 -1.490 -2.757 0.138 0.020 -0.954 -2.377 0.160 0.031 -0.955 -2.333 0.160 0.034
±0.022 ±0.044 ±0.004 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
J,B-I1 0.225 -1.467 -2.746 0.139 0.021 -0.928 -2.361 0.160 0.031 -0.930 -2.315 0.160 0.034
±0.023 ±0.046 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
J,B-I2 0.223 -1.463 -2.743 0.139 0.021 -0.921 -2.354 0.162 0.031 -0.923 -2.308 0.162 0.035
±0.023 ±0.046 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
J,B-I3 0.223 -1.464 -2.744 0.139 0.021 -0.923 -2.356 0.162 0.031 -0.925 -2.310 0.161 0.035
±0.023 ±0.046 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
J,B-I4 0.223 -1.465 -2.745 0.139 0.021 -0.926 -2.360 0.161 0.031 -0.927 -2.313 0.161 0.035
±0.023 ±0.046 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
J,B-W1 0.225 -1.467 -2.745 0.139 0.021 -0.928 -2.361 0.160 0.031 -0.929 -2.314 0.160 0.035
±0.023 ±0.046 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
J,B-W2 0.223 -1.464 -2.743 0.139 0.021 -0.922 -2.354 0.162 0.031 -0.923 -2.308 0.162 0.035
±0.023 ±0.046 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
J,B-W3 0.216 -1.453 -2.737 0.140 0.021 -0.914 -2.349 0.162 0.032 -0.915 -2.301 0.162 0.035
±0.023 ±0.046 ±0.004 ±0.007 ±0.019 ±0.003 ±0.007 ±0.017 ±0.003
H,B-K 0.147 -1.576 -2.881 0.149 0.015 -1.036 -2.487 0.177 0.028 -1.045 -2.491 0.173 0.028
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
±0.016 ±0.032 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
H,B-I1 0.141 -1.562 -2.874 0.149 0.015 -1.020 -2.477 0.177 0.028 -1.029 -2.480 0.173 0.028
±0.016 ±0.032 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
H,B-I2 0.140 -1.559 -2.872 0.149 0.015 -1.015 -2.473 0.178 0.027 -1.024 -2.475 0.174 0.028
±0.016 ±0.032 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
H,B-I3 0.140 -1.560 -2.873 0.149 0.015 -1.017 -2.474 0.178 0.028 -1.026 -2.476 0.174 0.028
±0.016 ±0.032 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
H,B-I4 0.140 -1.561 -2.873 0.150 0.015 -1.018 -2.476 0.178 0.028 -1.027 -2.478 0.174 0.028
±0.016 ±0.032 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
H,B-W1 0.141 -1.561 -2.874 0.149 0.015 -1.019 -2.477 0.177 0.028 -1.028 -2.479 0.173 0.028
±0.016 ±0.033 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
H,B-W2 0.140 -1.560 -2.872 0.149 0.015 -1.015 -2.473 0.178 0.028 -1.025 -2.475 0.174 0.028
±0.016 ±0.032 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
H,B-W3 0.135 -1.553 -2.868 0.150 0.015 -1.011 -2.469 0.178 0.028 -1.019 -2.471 0.174 0.028
±0.016 ±0.032 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
K,B-I1 0.092 -1.534 -2.832 0.150 0.016 -0.990 -2.429 0.178 0.027 -0.999 -2.424 0.174 0.029
±0.018 ±0.035 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
K,B-I2 0.091 -1.532 -2.831 0.150 0.016 -0.987 -2.426 0.178 0.027 -0.996 -2.421 0.175 0.029
±0.018 ±0.035 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
K,B-I3 0.091 -1.533 -2.831 0.150 0.016 -0.988 -2.427 0.178 0.027 -0.997 -2.422 0.174 0.029
±0.018 ±0.035 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
K,B-I4 0.091 -1.533 -2.832 0.150 0.016 -0.989 -2.428 0.178 0.027 -0.998 -2.423 0.174 0.029
±0.018 ±0.035 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
K,B-W1 0.092 -1.533 -2.832 0.150 0.016 -0.990 -2.429 0.178 0.027 -0.998 -2.424 0.174 0.029
±0.018 ±0.035 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
K,B-W2 0.091 -1.532 -2.831 0.150 0.016 -0.988 -2.426 0.178 0.027 -0.996 -2.421 0.175 0.029
±0.018 ±0.035 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
K,B-W3 0.088 -1.528 -2.828 0.150 0.016 -0.984 -2.424 0.178 0.027 -0.992 -2.418 0.175 0.029
±0.018 ±0.035 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
I1,B-I2 0.051 -1.434 -2.783 0.150 0.018 -0.881 -2.361 0.181 0.030 -0.889 -2.345 0.177 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,B-I3 0.051 -1.435 -2.783 0.150 0.018 -0.881 -2.362 0.181 0.030 -0.889 -2.346 0.177 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,B-I4 0.051 -1.435 -2.783 0.150 0.018 -0.882 -2.362 0.180 0.030 -0.890 -2.346 0.177 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,B-W2 0.051 -1.434 -2.783 0.150 0.018 -0.881 -2.361 0.181 0.030 -0.889 -2.345 0.177 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,B-W3 0.049 -1.432 -2.781 0.150 0.018 -0.879 -2.360 0.181 0.030 -0.887 -2.343 0.177 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I2,B-I3 0.039 -1.417 -2.770 0.151 0.019 -0.848 -2.328 0.188 0.031 -0.858 -2.311 0.183 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I2,B-I4 0.039 -1.417 -2.770 0.151 0.019 -0.849 -2.329 0.188 0.031 -0.859 -2.312 0.183 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,B-I2 0.051 -1.431 -2.780 0.150 0.018 -0.878 -2.359 0.180 0.031 -0.886 -2.341 0.176 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I2,B-W3 0.038 -1.415 -2.769 0.151 0.019 -0.847 -2.327 0.188 0.031 -0.857 -2.309 0.183 0.034
±0.021 ±0.042 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I3,B-I4 0.039 -1.422 -2.774 0.152 0.019 -0.860 -2.340 0.185 0.031 -0.869 -2.323 0.181 0.033
±0.021 ±0.041 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,B-I3 0.051 -1.431 -2.780 0.150 0.018 -0.879 -2.359 0.180 0.031 -0.886 -2.342 0.176 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,B-I3 0.041 -1.420 -2.772 0.151 0.019 -0.851 -2.330 0.188 0.032 -0.861 -2.312 0.183 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I3,B-W3 0.038 -1.420 -2.772 0.152 0.019 -0.858 -2.338 0.186 0.031 -0.867 -2.321 0.181 0.033
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
±0.021 ±0.041 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,B-I4 0.051 -1.432 -2.780 0.150 0.018 -0.880 -2.360 0.180 0.031 -0.887 -2.342 0.176 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,B-I4 0.041 -1.420 -2.772 0.151 0.019 -0.851 -2.330 0.188 0.032 -0.861 -2.312 0.183 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I4,B-W3 0.038 -1.423 -2.776 0.153 0.019 -0.869 -2.352 0.183 0.031 -0.877 -2.335 0.180 0.033
±0.021 ±0.041 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,B-W2 0.051 -1.431 -2.780 0.150 0.018 -0.879 -2.359 0.180 0.031 -0.886 -2.341 0.176 0.033
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,B-W3 0.049 -1.429 -2.779 0.150 0.019 -0.877 -2.358 0.180 0.031 -0.884 -2.339 0.176 0.033
±0.021 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,B-W3 0.039 -1.418 -2.770 0.151 0.019 -0.849 -2.329 0.188 0.032 -0.859 -2.310 0.183 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
R,V-I 1.984 -1.538 -2.846 0.120 0.021 -0.996 -2.496 0.139 0.034 -0.995 -2.439 0.140 0.037
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
R,V-J 1.162 -1.530 -2.791 0.135 0.020 -0.987 -2.412 0.158 0.030 -0.989 -2.368 0.157 0.033
±0.022 ±0.043 ±0.004 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
R,V-H 1.012 -1.622 -2.921 0.143 0.016 -1.081 -2.541 0.171 0.030 -1.090 -2.544 0.166 0.030
±0.018 ±0.035 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.014 ±0.003
R,V-K 0.941 -1.587 -2.873 0.141 0.017 -1.047 -2.493 0.168 0.028 -1.055 -2.485 0.164 0.029
±0.018 ±0.036 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
R,V-I1 0.890 -1.495 -2.825 0.140 0.018 -0.949 -2.435 0.168 0.028 -0.955 -2.414 0.165 0.030
±0.020 ±0.039 ±0.003 ±0.006 ±0.017 ±0.003 ±0.006 ±0.015 ±0.003
R,V-I2 0.875 -1.480 -2.813 0.141 0.018 -0.920 -2.406 0.173 0.028 -0.929 -2.384 0.169 0.031
±0.020 ±0.040 ±0.003 ±0.006 ±0.017 ±0.003 ±0.006 ±0.015 ±0.003
R,V-I3 0.875 -1.484 -2.816 0.141 0.018 -0.930 -2.416 0.171 0.028 -0.937 -2.394 0.168 0.031
±0.020 ±0.040 ±0.003 ±0.006 ±0.017 ±0.003 ±0.006 ±0.015 ±0.003
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
R,V-I4 0.875 -1.487 -2.820 0.142 0.018 -0.940 -2.429 0.169 0.028 -0.946 -2.406 0.167 0.031
±0.020 ±0.039 ±0.003 ±0.006 ±0.017 ±0.003 ±0.006 ±0.015 ±0.003
R,V-W1 0.890 -1.492 -2.823 0.140 0.018 -0.947 -2.433 0.167 0.029 -0.953 -2.410 0.164 0.031
±0.020 ±0.039 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
R,V-W2 0.877 -1.482 -2.815 0.141 0.018 -0.922 -2.408 0.173 0.029 -0.931 -2.385 0.169 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.017 ±0.003 ±0.006 ±0.015 ±0.003
R,V-W3 0.840 -1.441 -2.788 0.144 0.019 -0.895 -2.390 0.171 0.030 -0.900 -2.361 0.169 0.032
±0.021 ±0.041 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I,V-J 0.812 -1.480 -2.772 0.139 0.020 -0.929 -2.373 0.163 0.031 -0.931 -2.325 0.162 0.034
±0.022 ±0.043 ±0.004 ±0.006 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
I,V-H 0.707 -1.545 -2.863 0.144 0.016 -0.995 -2.463 0.172 0.029 -1.001 -2.448 0.169 0.030
±0.017 ±0.034 ±0.003 ±0.006 ±0.017 ±0.003 ±0.006 ±0.015 ±0.003
I,V-K 0.657 -1.520 -2.829 0.143 0.017 -0.971 -2.429 0.170 0.029 -0.977 -2.406 0.167 0.031
±0.019 ±0.037 ±0.003 ±0.006 ±0.017 ±0.003 ±0.006 ±0.015 ±0.003
I,V-I1 0.621 -1.456 -2.796 0.142 0.018 -0.902 -2.388 0.169 0.030 -0.907 -2.357 0.167 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I,V-I2 0.611 -1.445 -2.788 0.143 0.019 -0.883 -2.368 0.174 0.030 -0.889 -2.336 0.171 0.033
±0.021 ±0.041 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I,V-I3 0.611 -1.448 -2.790 0.143 0.019 -0.889 -2.375 0.172 0.030 -0.895 -2.343 0.169 0.033
±0.021 ±0.041 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I,V-I4 0.611 -1.450 -2.792 0.144 0.018 -0.897 -2.384 0.171 0.030 -0.901 -2.351 0.169 0.033
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I,V-W1 0.621 -1.454 -2.794 0.142 0.018 -0.901 -2.387 0.169 0.030 -0.906 -2.354 0.167 0.033
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I,V-W2 0.613 -1.447 -2.789 0.143 0.019 -0.884 -2.369 0.173 0.030 -0.890 -2.336 0.170 0.033
±0.021 ±0.041 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I,V-W3 0.587 -1.418 -2.770 0.145 0.019 -0.865 -2.357 0.172 0.031 -0.869 -2.320 0.170 0.034
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
±0.021 ±0.042 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
J,V-H 0.346 -1.508 -2.788 0.149 0.018 -0.957 -2.375 0.176 0.029 -0.962 -2.349 0.174 0.032
±0.019 ±0.038 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
J,V-K 0.322 -1.496 -2.772 0.149 0.018 -0.945 -2.358 0.175 0.030 -0.950 -2.329 0.173 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
J,V-I1 0.304 -1.464 -2.756 0.148 0.019 -0.911 -2.338 0.175 0.031 -0.916 -2.305 0.174 0.034
±0.022 ±0.042 ±0.004 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
J,V-I2 0.299 -1.459 -2.752 0.148 0.020 -0.902 -2.329 0.177 0.031 -0.907 -2.294 0.175 0.034
±0.022 ±0.043 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
J,V-I3 0.299 -1.461 -2.753 0.148 0.020 -0.905 -2.332 0.177 0.031 -0.910 -2.298 0.175 0.034
±0.022 ±0.043 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
J,V-I4 0.299 -1.462 -2.754 0.149 0.020 -0.909 -2.336 0.176 0.031 -0.913 -2.302 0.174 0.034
±0.022 ±0.043 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
J,V-W1 0.304 -1.463 -2.755 0.148 0.019 -0.911 -2.338 0.175 0.031 -0.915 -2.303 0.173 0.034
±0.022 ±0.042 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
J,V-W2 0.300 -1.460 -2.752 0.148 0.020 -0.902 -2.329 0.177 0.032 -0.908 -2.295 0.175 0.034
±0.022 ±0.043 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
J,V-W3 0.287 -1.446 -2.743 0.150 0.020 -0.893 -2.323 0.177 0.032 -0.897 -2.287 0.175 0.035
±0.022 ±0.044 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
H,V-K 0.202 -1.580 -2.890 0.155 0.014 -1.030 -2.475 0.187 0.027 -1.042 -2.488 0.182 0.028
±0.015 ±0.030 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,V-I1 0.191 -1.560 -2.880 0.155 0.014 -1.009 -2.463 0.187 0.027 -1.020 -2.473 0.182 0.028
±0.015 ±0.030 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,V-I2 0.188 -1.557 -2.877 0.155 0.014 -1.003 -2.457 0.188 0.027 -1.015 -2.467 0.183 0.028
±0.015 ±0.030 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,V-I3 0.188 -1.558 -2.878 0.155 0.014 -1.005 -2.459 0.188 0.027 -1.016 -2.469 0.182 0.028
±0.015 ±0.030 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
H,V-I4 0.188 -1.558 -2.879 0.156 0.014 -1.007 -2.461 0.187 0.027 -1.018 -2.471 0.182 0.028
±0.015 ±0.030 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,V-W1 0.191 -1.560 -2.880 0.155 0.014 -1.009 -2.462 0.187 0.027 -1.020 -2.472 0.181 0.028
±0.015 ±0.030 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,V-W2 0.188 -1.557 -2.878 0.155 0.014 -1.003 -2.457 0.188 0.027 -1.015 -2.467 0.183 0.028
±0.015 ±0.030 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.002
H,V-W3 0.180 -1.549 -2.872 0.156 0.014 -0.997 -2.453 0.187 0.027 -1.008 -2.462 0.182 0.028
±0.015 ±0.030 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.002
K,V-I1 0.124 -1.533 -2.836 0.153 0.015 -0.983 -2.419 0.184 0.027 -0.993 -2.420 0.179 0.029
±0.017 ±0.033 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,V-I2 0.122 -1.530 -2.835 0.154 0.015 -0.979 -2.415 0.185 0.027 -0.989 -2.415 0.180 0.029
±0.017 ±0.034 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,V-I3 0.122 -1.531 -2.835 0.154 0.015 -0.981 -2.417 0.184 0.027 -0.991 -2.417 0.180 0.029
±0.017 ±0.034 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,V-I4 0.122 -1.531 -2.835 0.154 0.015 -0.982 -2.419 0.184 0.027 -0.992 -2.419 0.180 0.029
±0.017 ±0.034 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,V-W1 0.124 -1.532 -2.836 0.153 0.015 -0.983 -2.419 0.184 0.027 -0.993 -2.419 0.179 0.029
±0.017 ±0.034 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,V-W2 0.123 -1.531 -2.835 0.154 0.015 -0.980 -2.416 0.185 0.027 -0.990 -2.416 0.180 0.029
±0.017 ±0.034 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,V-W3 0.117 -1.525 -2.831 0.154 0.015 -0.976 -2.413 0.184 0.027 -0.985 -2.412 0.180 0.029
±0.017 ±0.034 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
I1,V-I2 0.068 -1.433 -2.785 0.152 0.018 -0.876 -2.355 0.184 0.030 -0.885 -2.342 0.180 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,V-I3 0.068 -1.434 -2.785 0.152 0.018 -0.877 -2.356 0.184 0.030 -0.886 -2.343 0.180 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,V-I4 0.068 -1.434 -2.785 0.152 0.018 -0.878 -2.357 0.184 0.030 -0.886 -2.344 0.180 0.032
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,V-W2 0.069 -1.434 -2.785 0.152 0.018 -0.876 -2.355 0.184 0.030 -0.885 -2.342 0.180 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,V-W3 0.066 -1.430 -2.783 0.152 0.018 -0.874 -2.354 0.184 0.030 -0.883 -2.340 0.180 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I2,V-I3 0.053 -1.416 -2.771 0.153 0.019 -0.845 -2.324 0.191 0.032 -0.856 -2.309 0.185 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I2,V-I4 0.053 -1.416 -2.772 0.153 0.019 -0.846 -2.325 0.190 0.032 -0.856 -2.310 0.185 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,V-I2 0.068 -1.430 -2.782 0.152 0.018 -0.874 -2.353 0.183 0.031 -0.882 -2.338 0.180 0.033
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I2,V-W3 0.050 -1.414 -2.770 0.153 0.019 -0.843 -2.322 0.191 0.032 -0.854 -2.307 0.185 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I3,V-I4 0.053 -1.421 -2.775 0.153 0.019 -0.857 -2.336 0.188 0.031 -0.866 -2.321 0.183 0.033
±0.021 ±0.041 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,V-I3 0.068 -1.431 -2.782 0.152 0.018 -0.875 -2.354 0.183 0.031 -0.883 -2.339 0.179 0.033
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,V-I3 0.055 -1.419 -2.773 0.153 0.019 -0.847 -2.325 0.190 0.032 -0.858 -2.310 0.185 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
I3,V-W3 0.050 -1.418 -2.773 0.153 0.019 -0.854 -2.333 0.188 0.031 -0.864 -2.318 0.183 0.033
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,V-I4 0.068 -1.431 -2.783 0.152 0.018 -0.876 -2.355 0.183 0.031 -0.884 -2.340 0.179 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,V-I4 0.055 -1.419 -2.774 0.153 0.019 -0.848 -2.326 0.190 0.032 -0.859 -2.310 0.185 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
I4,V-W3 0.050 -1.422 -2.777 0.155 0.019 -0.866 -2.348 0.186 0.031 -0.874 -2.332 0.182 0.033
±0.021 ±0.041 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
W1,V-W2 0.069 -1.430 -2.782 0.152 0.018 -0.874 -2.353 0.183 0.031 -0.882 -2.338 0.180 0.033
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,V-W3 0.066 -1.427 -2.780 0.152 0.018 -0.872 -2.352 0.183 0.031 -0.880 -2.336 0.179 0.033
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,V-W3 0.053 -1.416 -2.772 0.153 0.019 -0.845 -2.324 0.190 0.032 -0.856 -2.308 0.185 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
I,R-J 1.061 -1.424 -2.722 0.151 0.021 -0.863 -2.286 0.178 0.034 -0.866 -2.241 0.177 0.037
±0.023 ±0.045 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.018 ±0.003
I,R-H 0.889 -1.514 -2.845 0.156 0.014 -0.956 -2.413 0.187 0.028 -0.965 -2.410 0.182 0.029
±0.016 ±0.031 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
I,R-K 0.812 -1.486 -2.805 0.153 0.016 -0.931 -2.376 0.183 0.029 -0.938 -2.362 0.179 0.031
±0.018 ±0.036 ±0.003 ±0.006 ±0.017 ±0.003 ±0.006 ±0.015 ±0.003
I,R-I1 0.757 -1.410 -2.766 0.151 0.019 -0.849 -2.330 0.182 0.031 -0.856 -2.304 0.179 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I,R-I2 0.743 -1.398 -2.756 0.152 0.019 -0.826 -2.307 0.186 0.033 -0.834 -2.280 0.182 0.035
±0.021 ±0.042 ±0.003 ±0.007 ±0.020 ±0.003 ±0.007 ±0.017 ±0.003
I,R-I3 0.743 -1.401 -2.759 0.152 0.019 -0.834 -2.315 0.185 0.032 -0.842 -2.288 0.181 0.035
±0.021 ±0.042 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
I,R-I4 0.743 -1.404 -2.762 0.153 0.019 -0.843 -2.326 0.183 0.032 -0.850 -2.299 0.180 0.034
±0.021 ±0.042 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
I,R-W1 0.757 -1.408 -2.764 0.151 0.019 -0.847 -2.328 0.181 0.032 -0.854 -2.301 0.178 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I,R-W2 0.745 -1.400 -2.758 0.152 0.019 -0.828 -2.308 0.186 0.033 -0.836 -2.280 0.182 0.035
±0.021 ±0.042 ±0.003 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
I,R-W3 0.707 -1.368 -2.736 0.154 0.020 -0.807 -2.296 0.184 0.034 -0.813 -2.263 0.181 0.036
±0.022 ±0.044 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
J,R-H 0.435 -1.493 -2.780 0.155 0.017 -0.938 -2.350 0.184 0.030 -0.944 -2.330 0.181 0.032
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
±0.019 ±0.038 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
J,R-K 0.398 -1.479 -2.760 0.154 0.018 -0.925 -2.332 0.182 0.031 -0.931 -2.307 0.179 0.033
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
J,R-I1 0.371 -1.442 -2.741 0.153 0.020 -0.885 -2.310 0.181 0.033 -0.891 -2.279 0.179 0.035
±0.022 ±0.043 ±0.004 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
J,R-I2 0.364 -1.436 -2.736 0.153 0.020 -0.874 -2.298 0.184 0.033 -0.880 -2.267 0.181 0.035
±0.022 ±0.044 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
J,R-I3 0.364 -1.438 -2.738 0.153 0.020 -0.878 -2.302 0.183 0.033 -0.884 -2.271 0.180 0.035
±0.022 ±0.044 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
J,R-I4 0.364 -1.439 -2.739 0.154 0.020 -0.882 -2.308 0.182 0.033 -0.888 -2.276 0.180 0.035
±0.022 ±0.044 ±0.004 ±0.007 ±0.020 ±0.003 ±0.007 ±0.017 ±0.003
J,R-W1 0.371 -1.441 -2.740 0.153 0.020 -0.884 -2.309 0.181 0.033 -0.890 -2.277 0.179 0.035
±0.022 ±0.043 ±0.004 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
J,R-W2 0.365 -1.437 -2.737 0.153 0.020 -0.875 -2.299 0.184 0.033 -0.881 -2.267 0.181 0.036
±0.022 ±0.044 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
J,R-W3 0.346 -1.421 -2.727 0.154 0.021 -0.865 -2.293 0.182 0.034 -0.870 -2.259 0.180 0.036
±0.023 ±0.045 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
H,R-K 0.249 -1.569 -2.883 0.159 0.013 -1.018 -2.459 0.191 0.027 -1.030 -2.475 0.185 0.028
±0.015 ±0.029 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,R-I1 0.232 -1.546 -2.871 0.158 0.014 -0.993 -2.445 0.190 0.027 -1.004 -2.457 0.185 0.028
±0.015 ±0.030 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,R-I2 0.228 -1.542 -2.868 0.158 0.014 -0.986 -2.438 0.192 0.027 -0.998 -2.449 0.186 0.028
±0.015 ±0.030 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,R-I3 0.228 -1.543 -2.869 0.158 0.014 -0.988 -2.440 0.191 0.027 -1.000 -2.452 0.186 0.028
±0.015 ±0.030 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,R-I4 0.228 -1.544 -2.870 0.159 0.014 -0.991 -2.444 0.191 0.027 -1.002 -2.455 0.186 0.028
±0.015 ±0.030 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
133
Table A.4: continued
Filters α a b c σ a b c σ a b c σ
H,R-W1 0.232 -1.545 -2.870 0.158 0.014 -0.992 -2.444 0.190 0.027 -1.004 -2.456 0.185 0.028
±0.015 ±0.030 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,R-W2 0.228 -1.543 -2.868 0.158 0.014 -0.986 -2.438 0.192 0.027 -0.998 -2.450 0.186 0.028
±0.015 ±0.030 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
H,R-W3 0.217 -1.533 -2.862 0.159 0.014 -0.980 -2.434 0.191 0.027 -0.991 -2.444 0.186 0.028
±0.015 ±0.030 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,R-I1 0.151 -1.523 -2.830 0.155 0.015 -0.973 -2.408 0.186 0.027 -0.983 -2.409 0.182 0.029
±0.017 ±0.033 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,R-I2 0.149 -1.521 -2.828 0.155 0.015 -0.968 -2.403 0.187 0.027 -0.978 -2.404 0.182 0.029
±0.017 ±0.034 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,R-I3 0.149 -1.522 -2.829 0.155 0.015 -0.970 -2.405 0.187 0.027 -0.980 -2.406 0.182 0.029
±0.017 ±0.034 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,R-I4 0.149 -1.522 -2.829 0.156 0.015 -0.972 -2.407 0.187 0.027 -0.981 -2.408 0.182 0.029
±0.017 ±0.033 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,R-W1 0.151 -1.523 -2.830 0.155 0.015 -0.972 -2.407 0.186 0.027 -0.982 -2.409 0.182 0.029
±0.017 ±0.033 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,R-W2 0.149 -1.521 -2.829 0.155 0.015 -0.968 -2.403 0.187 0.027 -0.979 -2.404 0.182 0.029
±0.017 ±0.034 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,R-W3 0.141 -1.515 -2.824 0.156 0.015 -0.964 -2.401 0.187 0.028 -0.974 -2.401 0.182 0.029
±0.017 ±0.034 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
I1,R-I2 0.083 -1.428 -2.781 0.153 0.018 -0.870 -2.348 0.186 0.030 -0.879 -2.336 0.181 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I1,R-I3 0.083 -1.428 -2.782 0.153 0.018 -0.871 -2.349 0.185 0.030 -0.880 -2.337 0.181 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I1,R-I4 0.083 -1.429 -2.782 0.153 0.018 -0.872 -2.350 0.185 0.030 -0.881 -2.338 0.181 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I1,R-W2 0.083 -1.428 -2.781 0.153 0.018 -0.870 -2.348 0.186 0.030 -0.879 -2.336 0.181 0.032
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I1,R-W3 0.079 -1.425 -2.779 0.153 0.018 -0.868 -2.347 0.185 0.031 -0.877 -2.334 0.181 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I2,R-I3 0.064 -1.412 -2.769 0.154 0.019 -0.840 -2.319 0.192 0.032 -0.851 -2.304 0.186 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I2,R-I4 0.064 -1.412 -2.769 0.154 0.019 -0.841 -2.319 0.192 0.032 -0.852 -2.305 0.186 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,R-I2 0.083 -1.425 -2.779 0.153 0.018 -0.868 -2.346 0.185 0.031 -0.876 -2.332 0.181 0.033
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I2,R-W3 0.061 -1.409 -2.767 0.154 0.019 -0.838 -2.317 0.192 0.032 -0.849 -2.302 0.186 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
I3,R-I4 0.064 -1.417 -2.773 0.154 0.019 -0.852 -2.331 0.189 0.031 -0.862 -2.316 0.184 0.033
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,R-I3 0.083 -1.425 -2.779 0.153 0.018 -0.869 -2.347 0.185 0.031 -0.877 -2.333 0.181 0.033
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,R-I3 0.067 -1.415 -2.771 0.154 0.019 -0.842 -2.320 0.192 0.033 -0.853 -2.305 0.186 0.035
±0.021 ±0.041 ±0.003 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
I3,R-W3 0.061 -1.414 -2.770 0.154 0.019 -0.849 -2.328 0.189 0.032 -0.859 -2.313 0.184 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,R-I4 0.083 -1.426 -2.779 0.153 0.018 -0.870 -2.348 0.184 0.031 -0.878 -2.334 0.181 0.033
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,R-I4 0.067 -1.415 -2.771 0.154 0.019 -0.843 -2.321 0.191 0.033 -0.854 -2.306 0.186 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
I4,R-W3 0.061 -1.417 -2.774 0.156 0.019 -0.861 -2.343 0.187 0.031 -0.869 -2.327 0.183 0.033
±0.021 ±0.041 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,R-W2 0.083 -1.425 -2.779 0.153 0.018 -0.868 -2.346 0.185 0.031 -0.876 -2.332 0.181 0.033
±0.020 ±0.040 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
W1,R-W3 0.079 -1.422 -2.776 0.153 0.018 -0.866 -2.345 0.184 0.031 -0.874 -2.330 0.181 0.033
±0.020 ±0.040 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,R-W3 0.063 -1.412 -2.769 0.154 0.019 -0.840 -2.318 0.191 0.033 -0.851 -2.302 0.186 0.035
±0.021 ±0.041 ±0.003 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
J,I-H 0.707 -1.538 -2.815 0.157 0.015 -0.987 -2.391 0.188 0.028 -0.996 -2.387 0.184 0.029
±0.017 ±0.034 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
J,I-K 0.612 -1.511 -2.780 0.155 0.017 -0.961 -2.357 0.184 0.029 -0.969 -2.343 0.181 0.031
±0.019 ±0.038 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
J,I-I1 0.552 -1.453 -2.750 0.154 0.019 -0.898 -2.321 0.183 0.032 -0.905 -2.298 0.180 0.034
±0.022 ±0.042 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
J,I-I2 0.536 -1.443 -2.743 0.154 0.020 -0.881 -2.304 0.187 0.033 -0.889 -2.280 0.183 0.035
±0.022 ±0.043 ±0.004 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
J,I-I3 0.536 -1.446 -2.745 0.154 0.020 -0.887 -2.310 0.185 0.033 -0.894 -2.286 0.182 0.035
±0.022 ±0.043 ±0.004 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
J,I-I4 0.536 -1.448 -2.747 0.155 0.020 -0.894 -2.318 0.184 0.032 -0.900 -2.293 0.181 0.034
±0.022 ±0.043 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
J,I-W1 0.552 -1.451 -2.749 0.154 0.019 -0.897 -2.320 0.183 0.032 -0.903 -2.295 0.180 0.034
±0.022 ±0.043 ±0.004 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
J,I-W2 0.538 -1.445 -2.744 0.154 0.020 -0.882 -2.305 0.187 0.033 -0.890 -2.280 0.183 0.035
±0.022 ±0.043 ±0.004 ±0.007 ±0.020 ±0.004 ±0.006 ±0.017 ±0.003
J,I-W3 0.498 -1.422 -2.728 0.156 0.021 -0.867 -2.296 0.184 0.034 -0.873 -2.267 0.182 0.036
±0.023 ±0.045 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
H,I-K 0.383 -1.589 -2.895 0.159 0.013 -1.040 -2.475 0.192 0.026 -1.053 -2.497 0.186 0.027
±0.014 ±0.028 ±0.002 ±0.005 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,I-I1 0.345 -1.553 -2.877 0.159 0.013 -1.001 -2.452 0.192 0.026 -1.013 -2.469 0.186 0.028
±0.015 ±0.029 ±0.002 ±0.005 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,I-I2 0.336 -1.547 -2.872 0.159 0.014 -0.990 -2.441 0.194 0.026 -1.003 -2.457 0.187 0.028
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
±0.015 ±0.030 ±0.002 ±0.005 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,I-I3 0.336 -1.549 -2.873 0.159 0.013 -0.994 -2.445 0.193 0.026 -1.007 -2.461 0.187 0.028
±0.015 ±0.029 ±0.002 ±0.005 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,I-I4 0.336 -1.550 -2.875 0.159 0.013 -0.998 -2.450 0.192 0.026 -1.010 -2.466 0.187 0.028
±0.015 ±0.029 ±0.002 ±0.005 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,I-W1 0.345 -1.552 -2.876 0.159 0.013 -1.000 -2.451 0.191 0.027 -1.012 -2.467 0.186 0.028
±0.015 ±0.029 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,I-W2 0.337 -1.548 -2.873 0.159 0.013 -0.991 -2.442 0.194 0.026 -1.004 -2.458 0.187 0.028
±0.015 ±0.029 ±0.002 ±0.005 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,I-W3 0.312 -1.533 -2.863 0.160 0.014 -0.982 -2.436 0.192 0.027 -0.993 -2.449 0.187 0.028
±0.015 ±0.030 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
K,I-I1 0.225 -1.528 -2.834 0.156 0.015 -0.978 -2.412 0.187 0.027 -0.988 -2.417 0.182 0.028
±0.017 ±0.033 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,I-I2 0.219 -1.524 -2.831 0.156 0.015 -0.971 -2.406 0.188 0.027 -0.982 -2.409 0.183 0.029
±0.017 ±0.033 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,I-I3 0.219 -1.525 -2.832 0.156 0.015 -0.974 -2.408 0.188 0.027 -0.984 -2.412 0.183 0.029
±0.017 ±0.033 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,I-I4 0.219 -1.526 -2.833 0.156 0.015 -0.976 -2.411 0.187 0.027 -0.986 -2.415 0.183 0.028
±0.017 ±0.033 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,I-W1 0.225 -1.527 -2.833 0.156 0.015 -0.978 -2.412 0.187 0.027 -0.988 -2.416 0.182 0.029
±0.017 ±0.033 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,I-W2 0.220 -1.525 -2.831 0.156 0.015 -0.972 -2.406 0.188 0.027 -0.982 -2.410 0.183 0.029
±0.017 ±0.033 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,I-W3 0.204 -1.515 -2.825 0.157 0.015 -0.965 -2.402 0.188 0.027 -0.975 -2.404 0.183 0.029
±0.017 ±0.034 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
I1,I-I2 0.123 -1.430 -2.783 0.153 0.018 -0.872 -2.350 0.186 0.030 -0.881 -2.339 0.182 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
I1,I-I3 0.123 -1.430 -2.783 0.153 0.018 -0.873 -2.351 0.186 0.030 -0.882 -2.340 0.182 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,I-I4 0.123 -1.431 -2.784 0.154 0.018 -0.874 -2.353 0.186 0.030 -0.883 -2.342 0.182 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,I-W2 0.123 -1.430 -2.783 0.153 0.018 -0.872 -2.350 0.186 0.030 -0.881 -2.339 0.182 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I1,I-W3 0.114 -1.425 -2.779 0.154 0.018 -0.869 -2.348 0.186 0.031 -0.877 -2.336 0.182 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I2,I-I3 0.094 -1.414 -2.770 0.154 0.019 -0.842 -2.320 0.192 0.032 -0.853 -2.307 0.186 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I2,I-I4 0.094 -1.414 -2.770 0.154 0.019 -0.843 -2.321 0.192 0.032 -0.854 -2.308 0.186 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,I-I2 0.122 -1.427 -2.780 0.153 0.018 -0.869 -2.347 0.185 0.031 -0.878 -2.335 0.181 0.033
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I2,I-W3 0.088 -1.409 -2.767 0.154 0.019 -0.838 -2.318 0.192 0.032 -0.849 -2.303 0.186 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.017 ±0.003
I3,I-I4 0.094 -1.419 -2.774 0.154 0.019 -0.854 -2.332 0.189 0.031 -0.864 -2.319 0.185 0.033
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,I-I3 0.122 -1.427 -2.780 0.153 0.018 -0.871 -2.349 0.185 0.031 -0.879 -2.336 0.181 0.033
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,I-I3 0.098 -1.416 -2.772 0.154 0.019 -0.844 -2.321 0.192 0.033 -0.855 -2.307 0.186 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
I3,I-W3 0.088 -1.414 -2.771 0.154 0.019 -0.850 -2.329 0.189 0.032 -0.859 -2.315 0.185 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,I-I4 0.122 -1.428 -2.781 0.153 0.018 -0.872 -2.350 0.185 0.031 -0.881 -2.338 0.181 0.033
±0.020 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,I-I4 0.098 -1.417 -2.772 0.154 0.019 -0.845 -2.323 0.192 0.032 -0.856 -2.309 0.186 0.034
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
±0.021 ±0.041 ±0.003 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
I4,I-W3 0.088 -1.417 -2.775 0.156 0.019 -0.861 -2.343 0.187 0.031 -0.870 -2.329 0.184 0.033
±0.021 ±0.041 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,I-W2 0.123 -1.427 -2.780 0.153 0.018 -0.870 -2.347 0.185 0.031 -0.878 -2.335 0.181 0.033
±0.020 ±0.040 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,I-W3 0.114 -1.422 -2.777 0.154 0.018 -0.866 -2.345 0.185 0.031 -0.875 -2.332 0.181 0.033
±0.020 ±0.040 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,I-W3 0.091 -1.412 -2.769 0.154 0.019 -0.841 -2.319 0.192 0.033 -0.851 -2.304 0.186 0.035
±0.021 ±0.041 ±0.003 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
H,J-K 1.058 -1.632 -2.965 0.161 0.013 -1.085 -2.549 0.196 0.028 -1.102 -2.595 0.188 0.029
±0.015 ±0.029 ±0.002 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
H,J-I1 0.812 -1.536 -2.904 0.158 0.013 -0.982 -2.478 0.193 0.026 -0.997 -2.505 0.187 0.028
±0.015 ±0.029 ±0.002 ±0.005 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,J-I2 0.760 -1.524 -2.892 0.159 0.013 -0.959 -2.453 0.198 0.026 -0.975 -2.477 0.190 0.028
±0.015 ±0.029 ±0.002 ±0.005 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,J-I3 0.760 -1.528 -2.895 0.159 0.013 -0.968 -2.461 0.196 0.026 -0.983 -2.486 0.189 0.028
±0.015 ±0.029 ±0.002 ±0.005 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,J-I4 0.760 -1.530 -2.898 0.160 0.013 -0.977 -2.472 0.195 0.026 -0.991 -2.496 0.188 0.027
±0.014 ±0.029 ±0.002 ±0.005 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,J-W1 0.812 -1.533 -2.902 0.158 0.013 -0.980 -2.476 0.193 0.027 -0.994 -2.502 0.186 0.028
±0.015 ±0.029 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.013 ±0.002
H,J-W2 0.766 -1.526 -2.894 0.159 0.013 -0.961 -2.454 0.198 0.027 -0.977 -2.478 0.190 0.028
±0.015 ±0.029 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
H,J-W3 0.649 -1.499 -2.870 0.161 0.013 -0.946 -2.441 0.195 0.027 -0.959 -2.458 0.189 0.028
±0.015 ±0.029 ±0.002 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,J-I1 0.529 -1.517 -2.852 0.156 0.015 -0.966 -2.430 0.188 0.027 -0.978 -2.441 0.183 0.028
±0.016 ±0.032 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
K,J-I2 0.495 -1.509 -2.844 0.156 0.015 -0.951 -2.413 0.191 0.027 -0.964 -2.422 0.185 0.028
±0.017 ±0.033 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,J-I3 0.495 -1.511 -2.846 0.156 0.015 -0.957 -2.418 0.190 0.027 -0.969 -2.428 0.184 0.028
±0.017 ±0.033 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,J-I4 0.495 -1.513 -2.848 0.157 0.015 -0.962 -2.425 0.189 0.027 -0.974 -2.435 0.184 0.028
±0.016 ±0.032 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,J-W1 0.529 -1.515 -2.851 0.155 0.015 -0.965 -2.428 0.188 0.027 -0.976 -2.438 0.182 0.028
±0.016 ±0.032 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,J-W2 0.500 -1.510 -2.845 0.156 0.015 -0.952 -2.414 0.191 0.027 -0.965 -2.423 0.185 0.029
±0.017 ±0.033 ±0.003 ±0.006 ±0.016 ±0.003 ±0.005 ±0.014 ±0.003
K,J-W3 0.423 -1.493 -2.830 0.157 0.015 -0.942 -2.405 0.189 0.028 -0.953 -2.410 0.184 0.029
±0.017 ±0.033 ±0.003 ±0.006 ±0.017 ±0.003 ±0.005 ±0.014 ±0.003
I1,J-I2 0.277 -1.421 -2.790 0.153 0.018 -0.860 -2.354 0.188 0.030 -0.871 -2.346 0.183 0.032
±0.020 ±0.039 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,J-I3 0.277 -1.423 -2.791 0.154 0.018 -0.864 -2.357 0.187 0.030 -0.874 -2.349 0.182 0.032
±0.020 ±0.039 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,J-I4 0.277 -1.424 -2.792 0.154 0.018 -0.867 -2.361 0.187 0.030 -0.876 -2.353 0.182 0.032
±0.020 ±0.039 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,J-W2 0.280 -1.422 -2.791 0.153 0.018 -0.861 -2.354 0.188 0.030 -0.871 -2.346 0.183 0.032
±0.020 ±0.039 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.015 ±0.003
I1,J-W3 0.237 -1.412 -2.782 0.154 0.018 -0.856 -2.349 0.187 0.031 -0.865 -2.339 0.182 0.032
±0.020 ±0.040 ±0.003 ±0.006 ±0.018 ±0.003 ±0.006 ±0.016 ±0.003
I2,J-I3 0.213 -1.408 -2.776 0.154 0.019 -0.835 -2.324 0.193 0.032 -0.846 -2.314 0.187 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I2,J-I4 0.213 -1.409 -2.777 0.154 0.019 -0.837 -2.327 0.193 0.032 -0.849 -2.317 0.187 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,J-I2 0.277 -1.418 -2.787 0.153 0.018 -0.858 -2.351 0.187 0.031 -0.868 -2.342 0.182 0.032
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
±0.020 ±0.039 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I2,J-W3 0.182 -1.400 -2.769 0.154 0.019 -0.828 -2.319 0.193 0.032 -0.840 -2.306 0.187 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I3,J-I4 0.213 -1.413 -2.781 0.155 0.019 -0.848 -2.339 0.190 0.031 -0.859 -2.328 0.185 0.033
±0.021 ±0.040 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,J-I3 0.277 -1.420 -2.788 0.153 0.018 -0.861 -2.354 0.186 0.031 -0.871 -2.345 0.182 0.032
±0.020 ±0.039 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,J-I3 0.222 -1.410 -2.778 0.154 0.019 -0.837 -2.326 0.193 0.032 -0.848 -2.315 0.187 0.034
±0.021 ±0.041 ±0.003 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
I3,J-W3 0.182 -1.404 -2.773 0.155 0.019 -0.840 -2.330 0.190 0.032 -0.850 -2.317 0.185 0.033
±0.021 ±0.041 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,J-I4 0.277 -1.420 -2.790 0.154 0.018 -0.864 -2.358 0.186 0.031 -0.874 -2.349 0.182 0.032
±0.020 ±0.039 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,J-I4 0.222 -1.411 -2.779 0.154 0.018 -0.839 -2.329 0.192 0.032 -0.851 -2.318 0.187 0.034
±0.020 ±0.040 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
I4,J-W3 0.182 -1.408 -2.777 0.156 0.019 -0.851 -2.344 0.188 0.031 -0.860 -2.331 0.184 0.033
±0.021 ±0.041 ±0.003 ±0.006 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,J-W2 0.280 -1.419 -2.788 0.153 0.018 -0.859 -2.352 0.187 0.031 -0.868 -2.342 0.182 0.033
±0.020 ±0.039 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W1,J-W3 0.237 -1.409 -2.779 0.154 0.018 -0.853 -2.347 0.186 0.032 -0.862 -2.335 0.182 0.033
±0.020 ±0.040 ±0.003 ±0.007 ±0.019 ±0.003 ±0.006 ±0.016 ±0.003
W2,J-W3 0.189 -1.402 -2.771 0.155 0.019 -0.830 -2.320 0.192 0.033 -0.841 -2.306 0.187 0.035
±0.021 ±0.041 ±0.003 ±0.007 ±0.020 ±0.004 ±0.006 ±0.017 ±0.003
K,H-I1 1.027 -1.404 -2.739 0.150 0.021 -0.849 -2.311 0.181 0.033 -0.856 -2.287 0.178 0.035
±0.023 ±0.046 ±0.004 ±0.007 ±0.020 ±0.004 ±0.006 ±0.017 ±0.003
K,H-I2 0.906 -1.403 -2.738 0.151 0.021 -0.836 -2.295 0.187 0.034 -0.845 -2.272 0.183 0.036
±0.023 ±0.045 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
K,H-I3 0.906 -1.407 -2.742 0.152 0.021 -0.846 -2.305 0.185 0.033 -0.854 -2.282 0.181 0.035
±0.023 ±0.045 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
K,H-I4 0.906 -1.410 -2.745 0.153 0.021 -0.857 -2.318 0.183 0.033 -0.864 -2.295 0.180 0.035
±0.023 ±0.045 ±0.004 ±0.007 ±0.020 ±0.003 ±0.006 ±0.017 ±0.003
K,H-W1 1.026 -1.400 -2.737 0.150 0.021 -0.847 -2.309 0.180 0.034 -0.854 -2.283 0.177 0.035
±0.023 ±0.046 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
K,H-W2 0.921 -1.403 -2.738 0.151 0.021 -0.836 -2.294 0.187 0.034 -0.845 -2.270 0.183 0.036
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
K,H-W3 0.691 -1.402 -2.740 0.155 0.020 -0.849 -2.310 0.184 0.033 -0.855 -2.287 0.181 0.035
±0.022 ±0.044 ±0.004 ±0.007 ±0.020 ±0.004 ±0.006 ±0.017 ±0.003
I1,H-I2 0.507 -1.362 -2.731 0.151 0.022 -0.796 -2.287 0.186 0.035 -0.804 -2.262 0.181 0.037
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I1,H-I3 0.507 -1.364 -2.733 0.151 0.022 -0.802 -2.293 0.184 0.035 -0.809 -2.267 0.181 0.037
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I1,H-I4 0.507 -1.366 -2.735 0.152 0.022 -0.808 -2.300 0.183 0.034 -0.815 -2.274 0.180 0.036
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I1,H-W2 0.516 -1.362 -2.731 0.151 0.022 -0.796 -2.287 0.186 0.035 -0.804 -2.261 0.181 0.037
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I1,H-W3 0.387 -1.361 -2.732 0.153 0.021 -0.803 -2.296 0.184 0.035 -0.810 -2.270 0.181 0.036
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I2,H-I3 0.390 -1.363 -2.731 0.152 0.022 -0.787 -2.276 0.191 0.036 -0.797 -2.251 0.186 0.038
±0.024 ±0.047 ±0.004 ±0.007 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
I2,H-I4 0.390 -1.364 -2.733 0.153 0.022 -0.792 -2.281 0.190 0.035 -0.801 -2.256 0.185 0.037
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
W1,H-I2 0.507 -1.359 -2.728 0.151 0.022 -0.794 -2.285 0.185 0.036 -0.802 -2.258 0.181 0.037
±0.024 ±0.048 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I2,H-W3 0.297 -1.361 -2.731 0.153 0.021 -0.788 -2.278 0.191 0.035 -0.798 -2.253 0.186 0.037
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I3,H-I4 0.390 -1.369 -2.736 0.153 0.021 -0.803 -2.292 0.188 0.035 -0.811 -2.268 0.183 0.037
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
W1,H-I3 0.507 -1.361 -2.730 0.151 0.022 -0.799 -2.291 0.183 0.035 -0.807 -2.263 0.180 0.037
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
W2,H-I3 0.406 -1.364 -2.731 0.152 0.022 -0.787 -2.275 0.191 0.036 -0.797 -2.249 0.186 0.038
±0.024 ±0.047 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.019 ±0.003
I3,H-W3 0.297 -1.365 -2.734 0.154 0.021 -0.799 -2.289 0.188 0.035 -0.808 -2.264 0.184 0.037
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
W1,H-I4 0.507 -1.363 -2.732 0.152 0.022 -0.805 -2.298 0.182 0.035 -0.812 -2.270 0.179 0.037
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
W2,H-I4 0.406 -1.365 -2.733 0.153 0.022 -0.792 -2.281 0.190 0.036 -0.801 -2.255 0.185 0.038
±0.024 ±0.047 ±0.004 ±0.007 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
I4,H-W3 0.297 -1.369 -2.738 0.155 0.021 -0.811 -2.303 0.186 0.034 -0.818 -2.278 0.183 0.036
±0.023 ±0.046 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.017 ±0.003
W1,H-W2 0.515 -1.359 -2.728 0.151 0.022 -0.794 -2.285 0.185 0.036 -0.801 -2.257 0.181 0.038
±0.024 ±0.048 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
W1,H-W3 0.387 -1.358 -2.729 0.153 0.021 -0.801 -2.294 0.183 0.036 -0.807 -2.266 0.180 0.037
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
W2,H-W3 0.309 -1.361 -2.731 0.154 0.021 -0.788 -2.278 0.190 0.036 -0.798 -2.252 0.186 0.038
±0.024 ±0.047 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
I1,K-I2 0.982 -1.321 -2.723 0.152 0.023 -0.744 -2.264 0.190 0.037 -0.753 -2.237 0.185 0.039
±0.025 ±0.049 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.019 ±0.003
I1,K-I3 0.982 -1.325 -2.726 0.152 0.023 -0.755 -2.275 0.188 0.037 -0.763 -2.248 0.183 0.038
±0.025 ±0.049 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.019 ±0.003
I1,K-I4 0.982 -1.329 -2.730 0.153 0.022 -0.766 -2.290 0.186 0.036 -0.773 -2.261 0.182 0.038
±0.025 ±0.049 ±0.004 ±0.007 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
I1,K-W2 1.014 -1.320 -2.723 0.152 0.023 -0.742 -2.263 0.190 0.038 -0.751 -2.234 0.185 0.040
±0.025 ±0.049 ±0.004 ±0.008 ±0.023 ±0.004 ±0.007 ±0.019 ±0.004
I1,K-W3 0.613 -1.335 -2.727 0.154 0.022 -0.775 -2.287 0.186 0.036 -0.782 -2.259 0.183 0.037
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I2,K-I3 0.754 -1.333 -2.726 0.153 0.022 -0.751 -2.262 0.193 0.037 -0.762 -2.236 0.188 0.039
±0.025 ±0.049 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.019 ±0.004
I2,K-I4 0.754 -1.336 -2.729 0.154 0.022 -0.760 -2.273 0.192 0.037 -0.770 -2.247 0.187 0.038
±0.024 ±0.048 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.019 ±0.003
W1,K-I2 0.982 -1.318 -2.720 0.151 0.023 -0.741 -2.262 0.189 0.038 -0.751 -2.233 0.185 0.040
±0.025 ±0.050 ±0.004 ±0.008 ±0.023 ±0.004 ±0.007 ±0.019 ±0.004
I2,K-W3 0.471 -1.341 -2.727 0.155 0.022 -0.766 -2.271 0.192 0.036 -0.776 -2.245 0.187 0.038
±0.024 ±0.047 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
I3,K-I4 0.754 -1.340 -2.733 0.154 0.022 -0.771 -2.284 0.189 0.036 -0.780 -2.258 0.185 0.038
±0.024 ±0.048 ±0.004 ±0.007 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
W1,K-I3 0.982 -1.322 -2.723 0.152 0.023 -0.752 -2.273 0.187 0.037 -0.761 -2.244 0.183 0.039
±0.025 ±0.049 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.019 ±0.003
W2,K-I3 0.785 -1.333 -2.726 0.153 0.022 -0.749 -2.261 0.193 0.038 -0.760 -2.234 0.188 0.040
±0.025 ±0.049 ±0.004 ±0.008 ±0.023 ±0.004 ±0.007 ±0.019 ±0.004
I3,K-W3 0.471 -1.345 -2.731 0.155 0.022 -0.778 -2.282 0.190 0.036 -0.786 -2.256 0.186 0.037
±0.024 ±0.047 ±0.004 ±0.007 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
W1,K-I4 0.982 -1.326 -2.727 0.153 0.022 -0.764 -2.287 0.185 0.037 -0.771 -2.258 0.182 0.038
±0.025 ±0.049 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
W2,K-I4 0.785 -1.335 -2.729 0.154 0.022 -0.759 -2.272 0.192 0.037 -0.768 -2.245 0.187 0.039
±0.025 ±0.048 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.019 ±0.003
I4,K-W3 0.471 -1.349 -2.735 0.156 0.021 -0.789 -2.296 0.188 0.035 -0.796 -2.270 0.184 0.037
±0.024 ±0.047 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
W1,K-W2 1.013 -1.317 -2.720 0.151 0.023 -0.740 -2.261 0.189 0.039 -0.749 -2.230 0.185 0.041
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
±0.025 ±0.050 ±0.004 ±0.008 ±0.024 ±0.004 ±0.008 ±0.020 ±0.004
W1,K-W3 0.612 -1.332 -2.725 0.154 0.022 -0.773 -2.285 0.185 0.037 -0.779 -2.256 0.182 0.038
±0.024 ±0.048 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
W2,K-W3 0.490 -1.340 -2.727 0.155 0.022 -0.766 -2.270 0.192 0.037 -0.775 -2.243 0.187 0.039
±0.024 ±0.047 ±0.004 ±0.008 ±0.023 ±0.004 ±0.007 ±0.019 ±0.003
I2,I1-I3 3.308 -1.374 -2.738 0.156 0.021 -0.776 -2.254 0.204 0.038 -0.790 -2.234 0.196 0.040
±0.024 ±0.046 ±0.004 ±0.008 ±0.023 ±0.004 ±0.007 ±0.019 ±0.004
I2,I1-I4 3.308 -1.385 -2.751 0.161 0.021 -0.815 -2.302 0.197 0.035 -0.824 -2.281 0.193 0.036
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I2,I1-W3 0.907 -1.359 -2.731 0.158 0.021 -0.788 -2.277 0.194 0.036 -0.797 -2.253 0.189 0.037
±0.023 ±0.045 ±0.004 ±0.007 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
I3,I1-I4 3.308 -1.389 -2.755 0.162 0.021 -0.826 -2.313 0.195 0.034 -0.834 -2.292 0.191 0.036
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.017 ±0.003
W2,I1-I3 3.444 -1.375 -2.739 0.157 0.021 -0.775 -2.253 0.204 0.039 -0.789 -2.232 0.197 0.041
±0.023 ±0.046 ±0.004 ±0.008 ±0.024 ±0.004 ±0.008 ±0.020 ±0.004
I3,I1-W3 0.907 -1.363 -2.735 0.158 0.021 -0.799 -2.288 0.191 0.035 -0.807 -2.264 0.187 0.037
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
W2,I1-I4 3.444 -1.386 -2.752 0.162 0.021 -0.816 -2.303 0.197 0.035 -0.825 -2.280 0.193 0.037
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I4,I1-W3 0.907 -1.367 -2.739 0.159 0.021 -0.811 -2.302 0.189 0.035 -0.817 -2.278 0.186 0.036
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.017 ±0.003
W2,I1-W3 0.945 -1.359 -2.732 0.158 0.021 -0.788 -2.276 0.194 0.037 -0.797 -2.251 0.189 0.038
±0.023 ±0.045 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.019 ±0.003
I2,W1-I3 3.316 -1.384 -2.747 0.157 0.021 -0.783 -2.262 0.207 0.041 -0.799 -2.247 0.198 0.042
±0.023 ±0.046 ±0.004 ±0.009 ±0.025 ±0.004 ±0.008 ±0.020 ±0.004
I3,I2-W3 1.250 -1.363 -2.737 0.159 0.020 -0.817 -2.310 0.184 0.035 -0.822 -2.285 0.183 0.036
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.017 ±0.003
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Table A.4: continued
Filters α a b c σ a b c σ a b c σ
I2,W1-I4 3.316 -1.395 -2.760 0.162 0.020 -0.822 -2.310 0.200 0.038 -0.833 -2.294 0.195 0.038
±0.023 ±0.044 ±0.004 ±0.008 ±0.023 ±0.004 ±0.007 ±0.019 ±0.003
I2,W1-W3 0.908 -1.362 -2.734 0.158 0.021 -0.790 -2.279 0.195 0.035 -0.799 -2.256 0.190 0.037
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I3,W1-I4 3.316 -1.399 -2.764 0.162 0.020 -0.834 -2.321 0.198 0.037 -0.843 -2.305 0.193 0.038
±0.022 ±0.044 ±0.004 ±0.008 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
I4,I3-W3 1.250 -1.361 -2.736 0.160 0.020 -0.815 -2.311 0.185 0.035 -0.820 -2.285 0.184 0.036
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.017 ±0.003
W2,W1-I3 3.453 -1.385 -2.748 0.157 0.021 -0.783 -2.261 0.208 0.040 -0.799 -2.246 0.199 0.041
±0.023 ±0.046 ±0.004 ±0.008 ±0.024 ±0.004 ±0.008 ±0.020 ±0.004
I3,W1-W3 0.908 -1.366 -2.737 0.158 0.021 -0.801 -2.290 0.192 0.035 -0.810 -2.268 0.188 0.036
±0.023 ±0.045 ±0.004 ±0.007 ±0.021 ±0.004 ±0.007 ±0.018 ±0.003
I3,W2-W3 1.189 -1.363 -2.736 0.158 0.021 -0.816 -2.310 0.185 0.034 -0.822 -2.286 0.183 0.035
±0.023 ±0.045 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
W2,W1-I4 3.453 -1.397 -2.762 0.162 0.020 -0.824 -2.311 0.200 0.036 -0.835 -2.294 0.195 0.037
±0.022 ±0.044 ±0.004 ±0.007 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
I4,W1-W3 0.908 -1.369 -2.741 0.160 0.020 -0.813 -2.304 0.190 0.034 -0.820 -2.282 0.187 0.035
±0.023 ±0.045 ±0.004 ±0.007 ±0.020 ±0.004 ±0.007 ±0.017 ±0.003
I4,W2-W3 1.189 -1.366 -2.740 0.160 0.020 -0.828 -2.324 0.183 0.034 -0.832 -2.300 0.182 0.035
±0.023 ±0.045 ±0.004 ±0.007 ±0.020 ±0.004 ±0.006 ±0.017 ±0.003
W2,W1-W3 0.945 -1.362 -2.734 0.158 0.021 -0.790 -2.279 0.195 0.036 -0.799 -2.255 0.190 0.037
±0.023 ±0.045 ±0.004 ±0.007 ±0.022 ±0.004 ±0.007 ±0.018 ±0.003
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Table A.5: Average magnitudes for RRL in NGC 3201
Name Period Mode B V I [3.6] [4.5]
V1 0.60488190 RRab 15.428± 0.022 14.817± 0.012 13.926± 0.014 12.774± 0.024 12.761± 0.025
V2 0.53267700 RRab 15.360± 0.025 14.789± 0.015 13.976± 0.016 12.925± 0.027 12.939± 0.021
V3 0.59941880 RRab 15.535± 0.015 14.898± 0.008 13.965± 0.012 12.814± 0.024 12.813± 0.019
V4 0.63001400 RRab 15.396± 0.024 14.784± 0.014 13.903± 0.017 12.829± 0.026 12.808± 0.030
V5 0.50153980 RRab 15.300± 0.026 14.755± 0.014 13.987± 0.014 13.004± 0.026 12.973± 0.024
V6 0.52561830 RRab 15.274± 0.024 14.722± 0.013 13.958± 0.015 12.949± 0.028 12.924± 0.029
V7 0.63032740 RRab 15.251± 0.013 14.656± 0.007 13.830± 0.009 12.737± 0.020 99.999± 9.999
V8 0.62864050 RRab 15.387± 0.012 14.757± 0.007 13.881± 0.008 12.697± 0.017 12.708± 0.019
V9 0.52669150 RRab 15.375± 0.025 14.793± 0.015 13.980± 0.012 99.999± 9.999 12.934± 0.025
V10 0.53516420 RRab 15.425± 0.027 14.828± 0.016 13.999± 0.018 12.946± 0.025 12.887± 0.026
V11 0.29904815 RRc 15.263± 0.014 14.784± 0.008 14.094± 0.008 99.999± 9.999 15.671± 0.024
V12 0.49554840 RRab 15.352± 0.029 14.791± 0.017 14.010± 0.020 13.039± 0.026 13.019± 0.027
V13 0.57520820 RRab 15.452± 0.023 14.828± 0.013 13.967± 0.014 12.822± 0.023 12.867± 0.021
V14 0.50929279 RRab 15.590± 0.032 14.953± 0.018 14.070± 0.018 12.906± 0.024 12.930± 0.026
V15 0.53466330 RRab 15.140± 0.026 14.625± 0.015 13.898± 0.015 99.999± 9.999 12.890± 0.022
V16 0.26344042 RRc 14.998± 0.008 14.616± 0.004 14.085± 0.005 13.371± 0.026 13.326± 0.012
V17 0.56559370 RRab 15.354± 0.020 14.757± 0.012 13.930± 0.014 12.863± 0.021 12.875± 0.023
V18 0.53885920 RRab 15.334± 0.021 14.748± 0.011 13.924± 0.015 12.827± 0.029 12.808± 0.024
V19 0.52503060 RRab 15.300± 0.025 14.742± 0.014 13.968± 0.020 12.970± 0.026 12.900± 0.026
V20 0.52910050 RRab 15.243± 0.025 14.698± 0.015 13.940± 0.017 12.935± 0.025 12.904± 0.025
V21 0.56662920 RRab 15.457± 0.020 14.842± 0.011 13.998± 0.015 12.863± 0.021 12.942± 0.021
V22 0.60598600 RRab 15.326± 0.020 14.722± 0.011 13.874± 0.014 12.795± 0.024 12.818± 0.024
V23 0.58677760 RRab 15.372± 0.018 14.769± 0.010 13.911± 0.013 12.876± 0.027 12.733± 0.022
V24 0.58894920 RRab 15.209± 0.020 14.664± 0.011 13.871± 0.011 99.999± 9.999 12.748± 0.019
V25 0.51480040 RRab 15.282± 0.024 14.751± 0.012 13.980± 0.013 12.992± 0.019 13.104± 0.027
V26 0.56896060 RRab 15.548± 0.020 14.908± 0.012 14.013± 0.015 12.859± 0.024 12.862± 0.025
V27 0.48430650 RRab 15.234± 0.031 14.739± 0.018 13.955± 0.018 99.999± 9.999 99.999± 9.999
V28 0.57866560 RRab 15.488± 0.017 14.848± 0.010 13.955± 0.014 12.927± 0.023 99.999± 9.999
V29 0.53552670 RRab 15.384± 0.015 14.703± 0.013 13.944± 0.017 12.930± 0.018 12.914± 0.017
V30 0.51585280 RRab 15.094± 0.031 14.605± 0.017 13.961± 0.016 99.999± 9.999 99.999± 9.999
V31 0.51946430 RRab 15.598± 0.019 14.951± 0.012 14.086± 0.015 12.975± 0.027 13.051± 0.037
V32 0.56116980 RRab 15.272± 0.031 14.734± 0.018 13.952± 0.020 12.878± 0.028 12.957± 0.033
V34 0.46790040 RRab 15.264± 0.029 14.768± 0.017 14.036± 0.019 13.085± 0.025 99.999± 9.999
V35 0.61552280 RRab 15.383± 0.017 14.763± 0.009 13.906± 0.011 12.807± 0.020 12.789± 0.023
V36 0.48449840 RRab 15.285± 0.019 14.766± 0.012 14.010± 0.015 12.860± 0.025 99.999± 9.999
V37 0.57669550 RRab 15.375± 0.016 14.774± 0.009 13.925± 0.011 12.811± 0.015 12.850± 0.016
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Table A.5: continued
Name Period Mode B V I [3.6] [4.5]
V38 0.50910160 RRab 15.355± 0.018 14.745± 0.012 13.965± 0.018 12.848± 0.022 12.756± 0.028
V39 0.48323400 RRab 15.345± 0.028 14.814± 0.016 14.042± 0.018 13.201± 0.025 13.135± 0.031
V40 0.64382520 RRab 15.488± 0.011 14.828± 0.006 13.908± 0.007 12.731± 0.018 12.720± 0.018
V41 0.66532850 RRab 15.490± 0.011 14.823± 0.006 13.891± 0.006 12.656± 0.018 99.999± 9.999
V42 0.53824730 RRab 15.135± 0.028 14.623± 0.016 13.904± 0.016 12.936± 0.031 12.928± 0.028
V43 0.67613080 RRab 15.197± 0.012 14.600± 0.007 13.768± 0.009 99.999± 9.999 12.668± 0.021
V44 0.61073480 RRab 15.407± 0.016 14.772± 0.009 13.887± 0.011 12.751± 0.018 12.763± 0.018
V45 0.53744040 RRab 15.531± 0.024 14.913± 0.014 14.064± 0.013 13.151± 0.028 13.144± 0.025
V46 0.54319890 RRab 15.188± 0.027 14.690± 0.018 99.999± 9.999 99.999± 9.999 99.999± 9.999
V47 0.52039385 RRab 15.249± 0.010 14.699± 0.005 13.903± 0.011 12.944± 0.022 12.938± 0.024
V48 0.34126950 RRc 15.175± 0.011 14.687± 0.006 14.000± 0.007 13.118± 0.024 13.108± 0.013
V49 0.58147930 RRab 15.373± 0.021 14.770± 0.011 13.935± 0.013 12.827± 0.020 12.818± 0.020
V50 0.54217380 RRab 15.252± 0.022 14.685± 0.013 13.863± 0.014 13.334± 0.043 13.305± 0.036
V51 0.52045150 RRab 15.222± 0.027 14.708± 0.014 13.906± 0.013 12.932± 0.021 12.988± 0.019
V56 0.59033780 RRab 15.549± 0.019 14.906± 0.011 14.009± 0.014 12.851± 0.022 99.999± 9.999
V57 0.59343720 RRab 15.449± 0.019 14.827± 0.011 13.969± 0.011 12.822± 0.022 12.854± 0.028
V58 0.62204080 RRab 15.417± 0.013 14.796± 0.007 13.914± 0.008 12.793± 0.019 99.999± 9.999
V59 0.51770930 RRab 15.102± 0.028 14.614± 0.016 13.927± 0.016 99.999± 9.999 12.974± 0.024
V66 0.66703880 RRab 15.078± 0.007 14.507± 0.005 13.690± 0.004 99.999± 9.999 99.999± 9.999
V67 0.33226960 RRc 15.109± 0.011 14.640± 0.006 14.041± 0.004 99.999± 9.999 13.123± 0.015
V71 0.60118970 RRab 15.270± 0.019 14.688± 0.011 13.875± 0.013 12.793± 0.023 12.761± 0.021
V73 0.51995660 RRab 15.228± 0.039 14.736± 0.019 14.004± 0.019 99.999± 9.999 12.875± 0.024
V76 0.52559780 RRab 15.221± 0.015 14.693± 0.007 13.900± 0.010 99.999± 9.999 12.894± 0.017
V77 0.56764120 RRab 15.292± 0.020 14.713± 0.011 13.897± 0.013 12.778± 0.026 99.999± 9.999
V78 0.51389400 RRab 15.341± 0.026 14.808± 0.014 14.013± 0.016 13.014± 0.023 13.014± 0.021
V80 0.58998310 RRab 15.413± 0.013 14.779± 0.008 13.909± 0.009 12.776± 0.019 12.792± 0.026
V81 0.51975730 RRab 15.414± 0.025 14.851± 0.013 14.046± 0.014 13.163± 0.051 12.993± 0.045
V83 0.54520460 RRab 15.374± 0.028 14.801± 0.017 13.995± 0.021 12.886± 0.024 12.967± 0.034
V90 0.60610170 RRab 15.284± 0.021 14.679± 0.013 13.864± 0.015 99.999± 9.999 13.066± 0.029
V92 0.53958350 RRab 15.319± 0.024 14.752± 0.014 13.971± 0.015 13.259± 0.037 13.165± 0.035
V98 0.33564583 RRc 15.285± 0.011 14.776± 0.006 14.050± 0.007 13.150± 0.014 13.224± 0.015
V100 0.54892210 RRab 15.338± 0.023 14.757± 0.014 13.950± 0.017 12.885± 0.025 12.911± 0.021
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Table A.6: Average magnitudes for RRL in M5
Name Period Mode B V I [3.6] [4.5]
V1 0.52178710 RRab 15.458± 0.042 15.124± 0.029 14.615± 0.019 13.864± 0.024 13.906± 0.028
V4 0.44960670 RRab 15.288± 0.033 15.069± 0.023 14.685± 0.013 13.988± 0.022 13.995± 0.022
V5 0.54585000 RRab 15.406± 0.035 15.081± 0.024 14.574± 0.017 13.660± 0.019 13.800± 0.019
V7 0.49440960 RRab 15.372± 0.042 15.005± 0.029 14.587± 0.019 14.054± 0.063 14.007± 0.041
V11 0.59588820 RRab 15.306± 0.037 14.940± 0.024 14.458± 0.015 13.711± 0.022 13.706± 0.022
V12 0.46769990 RRab 15.410± 0.040 15.100± 0.028 14.660± 0.018 14.005± 0.030 13.981± 0.029
V13 0.51313200 RRab 15.372± 0.032 15.017± 0.026 14.556± 0.017 99.999± 9.999 13.200± 0.028
V14 0.49002260 RRab 15.284± 0.026 14.976± 0.013 14.555± 0.009 13.960± 0.025 13.964± 0.021
V16 0.64763220 RRab 15.127± 0.039 14.820± 0.029 14.339± 0.019 13.659± 0.025 13.633± 0.030
V17 0.60138850 RRab 15.207± 0.041 14.900± 0.026 14.433± 0.019 13.850± 0.026 13.689± 0.028
V25 0.50754500 RRab 15.494± 0.033 15.115± 0.027 14.617± 0.011 14.696± 0.045 99.999± 9.999
V26 0.62256500 RRab 15.305± 0.036 14.943± 0.026 14.421± 0.018 13.730± 0.027 13.683± 0.030
V27 0.47030910 RRab 15.305± 0.041 15.026± 0.031 14.608± 0.019 13.940± 0.015 13.925± 0.017
V30 0.59217420 RRab 15.445± 0.033 15.086± 0.021 14.545± 0.015 13.627± 0.019 13.620± 0.017
V33 0.50147990 RRab 15.305± 0.038 15.031± 0.026 14.577± 0.019 13.886± 0.023 13.822± 0.019
V34 0.56815030 RRab 15.463± 0.027 15.094± 0.019 14.559± 0.014 13.844± 0.025 13.754± 0.024
V36 0.62772130 RRab 15.447± 0.023 15.048± 0.015 14.466± 0.011 13.865± 0.041 13.881± 0.034
V37 0.48880120 RRab 15.264± 0.041 14.998± 0.029 14.576± 0.022 13.831± 0.049 14.422± 0.073
V38 0.47042590 RRab 15.454± 0.030 15.116± 0.021 14.649± 0.013 13.978± 0.021 14.074± 0.026
V39 0.58904240 RRab 15.308± 0.052 14.947± 0.038 14.453± 0.025 99.999± 9.999 13.242± 0.217
V40 0.31732919 RRc 15.335± 0.016 15.057± 0.012 14.663± 0.008 14.094± 0.012 14.066± 0.012
V41 0.48857000 RRab 15.289± 0.047 15.004± 0.031 14.605± 0.022 13.932± 0.029 14.007± 0.031
V43 0.66022860 RRab 15.436± 0.023 15.031± 0.013 14.459± 0.009 99.999± 9.999 99.999± 9.999
V44 0.32960458 RRc 15.310± 0.012 15.020± 0.008 14.611± 0.006 13.971± 0.008 13.880± 0.010
V45 0.61663980 RRab 15.340± 0.031 14.965± 0.022 14.457± 0.013 13.763± 0.026 13.747± 0.025
V47 0.53972760 RRab 15.437± 0.032 15.081± 0.020 14.578± 0.014 14.029± 0.026 13.874± 0.023
V52 0.50152400 RRab 15.282± 0.031 15.008± 0.024 14.571± 0.016 13.983± 0.026 99.999± 9.999
V53 0.37354780 RRc 15.074± 0.012 14.799± 0.007 14.409± 0.004 13.917± 0.057 99.999± 9.999
V54 0.45411860 RRab 15.290± 0.040 15.057± 0.027 14.590± 0.019 13.812± 0.022 13.838± 0.024
V55 0.32890050 RRc 15.389± 0.015 15.099± 0.011 14.673± 0.008 14.080± 0.016 14.190± 0.019
V56 0.53469980 RRab 15.462± 0.025 15.125± 0.018 14.606± 0.014 13.849± 0.022 13.918± 0.022
V57 0.28468790 RRc 15.252± 0.016 15.052± 0.011 14.727± 0.008 14.441± 0.026 14.202± 0.013
V59 0.54203110 RRab 15.446± 0.028 15.053± 0.021 14.556± 0.015 13.664± 0.030 14.030± 0.029
V60 0.28523583 RRc 15.285± 0.016 15.052± 0.011 14.721± 0.006 14.912± 0.059 99.999± 9.999
V64 0.54449100 RRab 15.442± 0.038 15.072± 0.024 14.572± 0.016 13.923± 0.028 13.845± 0.021
V65 0.48065040 RRab 15.567± 0.021 15.261± 0.010 14.716± 0.014 14.079± 0.025 14.027± 0.025
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Table A.6: continued
Name Period Mode B V I [3.6] [4.5]
V78 0.26481760 RRc 15.294± 0.015 15.096± 0.010 14.780± 0.007 14.298± 0.012 14.296± 0.011
V79 0.33313921 RRc 15.378± 0.015 15.061± 0.012 14.626± 0.009 99.999± 9.999 99.999± 9.999
V80 0.33654535 RRc 15.367± 0.015 15.074± 0.009 14.647± 0.008 14.015± 0.012 13.985± 0.015
V81 0.55727650 RRab 15.449± 0.032 15.062± 0.022 14.532± 0.015 13.723± 0.019 13.781± 0.020
V82 0.55843470 RRab 15.383± 0.025 15.027± 0.018 14.505± 0.014 13.777± 0.017 13.648± 0.014
V83 0.55330580 RRab 15.484± 0.029 15.099± 0.020 14.569± 0.015 14.116± 0.037 14.283± 0.045
V85 0.52752860 RRab 15.270± 0.025 14.923± 0.018 14.427± 0.013 13.572± 0.016 99.999± 9.999
V86 0.56751040 RRab 15.157± 0.038 14.836± 0.026 14.375± 0.019 14.432± 0.067 13.917± 0.041
V87 0.73840450 RRab 15.364± 0.012 14.951± 0.009 14.356± 0.007 13.448± 0.014 13.546± 0.018
V88 0.32808365 RRc 15.296± 0.015 15.023± 0.011 14.640± 0.008 14.013± 0.010 14.073± 0.019
V89 0.55844290 RRab 15.439± 0.034 15.090± 0.024 14.569± 0.016 13.778± 0.023 13.786± 0.022
V90 0.55716260 RRab 15.144± 0.037 14.879± 0.027 14.415± 0.019 13.665± 0.025 13.804± 0.027
V91 0.58494240 RRab 15.437± 0.022 15.071± 0.015 14.514± 0.014 13.967± 0.024 13.554± 0.018
V92 0.46338490 RRab 15.230± 0.049 14.992± 0.029 14.588± 0.021 15.057± 0.185 14.213± 0.074
V93 0.55229540 RRab 15.272± 0.038 14.943± 0.027 14.459± 0.019 14.754± 0.098 99.999± 9.999
V94 0.53132630 RRab 15.381± 0.031 15.051± 0.021 14.532± 0.014 13.988± 0.025 13.714± 0.026
V95 0.29119422 RRc 15.266± 0.016 15.028± 0.011 14.674± 0.006 14.415± 0.020 14.502± 0.025
V96 0.51225350 RRab 15.346± 0.036 15.037± 0.022 14.554± 0.014 13.722± 0.024 13.628± 0.017
V97 0.54461030 RRab 15.302± 0.035 14.984± 0.024 14.500± 0.015 13.964± 0.042 14.015± 0.027
V98 0.30636525 RRc 15.340± 0.017 15.059± 0.013 14.684± 0.009 14.203± 0.041 14.302± 0.042
V99 0.32135033 RRc 15.232± 0.014 15.009± 0.011 14.614± 0.007 99.999± 9.999 99.999± 9.999
V100 0.29436262 RRc 15.319± 0.017 15.076± 0.012 14.705± 0.008 99.999± 9.999 99.999± 9.999
V103 0.56666070 RRab 15.376± 0.021 14.991± 0.018 14.458± 0.013 13.897± 0.025 13.880± 0.022
V107 0.51169980 RRab 15.098± 0.030 14.811± 0.022 14.276± 0.020 12.183± 0.039 99.999± 9.999
V108 0.32862744 RRc 15.003± 0.013 14.725± 0.009 14.317± 0.008 14.036± 0.038 14.005± 0.019
V109 0.47300100 RRab 15.326± 0.037 15.058± 0.025 14.627± 0.022 13.489± 0.025 13.559± 0.028
V110 0.59799640 RRab 15.478± 0.021 15.080± 0.015 14.531± 0.011 13.424± 0.018 13.456± 0.021
V111 0.63464800 RRab 15.328± 0.019 14.996± 0.016 14.395± 0.011 99.999± 9.999 11.885± 0.208
V112 0.34798751 RRc 15.399± 0.024 15.073± 0.018 14.558± 0.011 13.744± 0.047 99.999± 9.999
V113 0.39840180 RRc 15.276± 0.017 15.019± 0.013 14.713± 0.009 14.284± 0.043 99.999± 9.999
V114 0.60367040 RRab 15.465± 0.024 15.056± 0.017 14.513± 0.012 13.750± 0.022 13.699± 0.025
V115 0.60908340 RRab 15.330± 0.018 14.919± 0.014 14.340± 0.008 13.635± 0.035 13.547± 0.037
V116 0.34729655 RRc 15.142± 0.017 14.910± 0.013 14.538± 0.009 99.999± 9.999 13.390± 0.204
V119 0.55095510 RRab 15.318± 0.026 14.926± 0.019 14.400± 0.015 13.567± 0.025 13.508± 0.029
V120 0.27871632 RRc 15.154± 0.014 14.921± 0.012 14.552± 0.009 13.747± 0.038 99.999± 9.999
V122 0.73309400 RRab 15.147± 0.026 14.731± 0.019 14.133± 0.018 99.999± 9.999 99.999± 9.999
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Table A.6: continued
Name Period Mode B V I [3.6] [4.5]
V123 0.60248450 RRab 15.404± 0.021 15.009± 0.016 14.441± 0.011 99.999± 9.999 99.999± 9.999
V125 0.30330512 RRc 15.173± 0.015 14.881± 0.011 14.470± 0.008 99.999± 9.999 12.342± 0.084
V127 0.54112390 RRab 15.429± 0.025 15.062± 0.017 14.521± 0.011 13.522± 0.099 13.479± 0.058
V128 0.30601046 RRc 15.302± 0.015 15.038± 0.010 14.661± 0.008 13.940± 0.010 14.185± 0.023
V129 0.60529010 RRab 15.533± 0.019 15.105± 0.013 14.544± 0.009 13.789± 0.063 13.988± 0.070
V130 0.32718540 RRc 15.174± 0.016 14.958± 0.011 14.604± 0.008 13.788± 0.010 13.846± 0.013
V131 0.28155307 RRc 15.409± 0.018 15.061± 0.013 14.730± 0.009 99.999± 9.999 14.239± 0.033
V132 0.28374077 RRc 15.164± 0.013 14.936± 0.010 14.569± 0.008 99.999± 9.999 99.999± 9.999
V133 0.29486411 RRc 15.201± 0.016 14.982± 0.012 14.638± 0.007 14.082± 0.035 99.999± 9.999
V137 0.61936720 RRab 15.510± 0.015 15.115± 0.011 14.539± 0.006 99.999± 9.999 13.191± 0.222
V139 0.30035840 RRc 15.225± 0.018 14.986± 0.011 14.627± 0.011 14.302± 0.013 14.250± 0.017
V161 0.33126672 RRc 15.355± 0.013 15.077± 0.010 14.637± 0.008 14.096± 0.014 14.125± 0.015
Table A.7: Average magnitudes for RRL in M15
Name Period Mode B V I [3.6] [4.5]
V2 0.68429130 RRab 16.315± 0.019 15.837± 0.012 15.176± 0.011 14.241± 0.022 14.251± 0.020
V3 0.38873490 RRc 16.191± 0.019 15.820± 0.012 15.307± 0.008 14.612± 0.014 14.565± 0.013
V4 0.31357960 RRc 16.274± 0.021 15.925± 0.015 15.478± 0.010 14.826± 0.013 14.860± 0.014
V5 0.38421160 RRc 16.123± 0.021 15.784± 0.012 15.276± 0.009 14.529± 0.013 14.549± 0.015
V6 0.66597110 RRab 16.228± 0.017 15.787± 0.014 15.202± 0.009 14.434± 0.027 14.391± 0.025
V7 0.36756140 RRc 16.236± 0.011 15.860± 0.008 15.384± 0.005 14.604± 0.015 14.546± 0.015
V8 0.64623910 RRab 16.218± 0.019 15.795± 0.013 15.224± 0.009 14.374± 0.028 14.419± 0.025
V9 0.71528880 RRab 16.128± 0.017 15.706± 0.012 15.118± 0.008 14.314± 0.023 14.354± 0.022
V10 0.38638800 RRc 16.208± 0.010 15.852± 0.007 15.350± 0.005 14.575± 0.015 14.811± 0.013
V11 0.34323600 RRc 16.251± 0.014 15.833± 0.015 15.379± 0.010 14.711± 0.013 14.813± 0.013
V12 0.59285730 RRab 16.231± 0.025 15.862± 0.016 15.251± 0.011 14.426± 0.019 14.417± 0.017
V13 0.57490540 RRab 16.312± 0.021 15.906± 0.015 15.328± 0.011 14.411± 0.026 14.950± 0.028
V14 0.38200570 RRc 16.232± 0.021 15.880± 0.012 15.348± 0.008 14.684± 0.022 14.647± 0.013
V15 0.58352780 RRab 16.174± 0.036 15.842± 0.017 15.288± 0.012 99.999± 9.999 14.519± 0.022
V16 0.39921630 RRc 16.209± 0.009 15.854± 0.006 15.327± 0.005 14.590± 0.013 14.531± 0.017
V17 0.42890970 RRd 16.160± 0.011 15.795± 0.007 15.264± 0.005 14.510± 0.014 14.501± 0.015
V18 0.36773510 RRc 16.180± 0.011 15.843± 0.008 15.369± 0.006 14.648± 0.011 14.557± 0.013
V19 0.57231430 RRab 16.114± 0.029 15.778± 0.021 15.296± 0.014 14.522± 0.023 14.567± 0.021
V20 0.69694800 RRab 16.240± 0.017 15.780± 0.013 15.173± 0.009 14.154± 0.021 14.267± 0.020
V21 0.64878840 RRab 16.159± 0.018 15.741± 0.011 15.135± 0.007 14.297± 0.022 14.323± 0.020
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Table A.7: continued
Name Period Mode B V I [3.6] [4.5]
V22 0.72014930 RRab 16.138± 0.030 15.731± 0.018 15.130± 0.013 14.337± 0.031 14.290± 0.025
V23 0.63268700 RRab 16.237± 0.032 15.794± 0.017 15.173± 0.013 14.247± 0.024 14.282± 0.029
V24 0.36970120 RRc 16.226± 0.011 15.878± 0.008 15.360± 0.006 14.599± 0.012 14.610± 0.014
V25 0.66532660 RRab 16.217± 0.027 15.835± 0.017 15.210± 0.006 14.339± 0.022 14.318± 0.024
V26 0.40228130 RRd 16.255± 0.017 15.858± 0.011 15.288± 0.007 14.502± 0.013 99.999± 9.999
V30 0.41276230 RRd 16.204± 0.018 15.846± 0.012 15.283± 0.006 14.591± 0.011 14.651± 0.013
V31 0.40816870 RRd 16.220± 0.025 15.844± 0.012 15.320± 0.008 14.584± 0.015 99.999± 9.999
V32 0.60438880 RRab 16.108± 0.020 15.685± 0.014 15.163± 0.010 14.493± 0.018 14.469± 0.015
V33 0.58395310 RRab 16.147± 0.020 15.691± 0.015 15.092± 0.013 14.247± 0.021 14.105± 0.017
V35 0.38399670 RRc 16.226± 0.018 15.851± 0.011 15.324± 0.007 14.542± 0.012 14.561± 0.015
V36 0.62414280 RRab 16.208± 0.017 15.797± 0.013 15.209± 0.009 14.329± 0.019 14.461± 0.019
V37 0.28750281 RRc 16.183± 0.010 15.887± 0.007 15.488± 0.006 15.149± 0.030 14.921± 0.019
V38 0.37527410 RRc 16.172± 0.013 15.839± 0.009 15.325± 0.007 14.658± 0.015 14.706± 0.018
V39 0.38956330 RRd 16.290± 0.010 15.884± 0.007 15.365± 0.005 14.617± 0.011 14.599± 0.011
V40 0.37733950 RRc 16.206± 0.012 15.852± 0.008 15.337± 0.006 14.714± 0.019 14.689± 0.014
V41 0.39174590 RRc 16.138± 0.009 15.745± 0.007 15.215± 0.005 14.595± 0.017 14.358± 0.011
V42 0.36018500 RRc 16.232± 0.024 15.888± 0.014 15.375± 0.009 14.803± 0.014 14.725± 0.015
V43 0.39600140 RRc 16.155± 0.014 15.800± 0.012 15.284± 0.007 99.999± 9.999 99.999± 9.999
V44 0.59782940 RRab 16.152± 0.017 15.757± 0.013 15.246± 0.007 14.559± 0.017 14.332± 0.015
V45 0.67740610 RRab 16.186± 0.016 15.710± 0.013 15.130± 0.009 14.249± 0.020 14.219± 0.018
V46=V112 0.69146250 RRab 16.179± 0.014 15.738± 0.011 15.157± 0.008 14.420± 0.022 14.224± 0.019
V47 0.68752150 RRab 16.021± 0.019 15.572± 0.016 14.978± 0.011 14.610± 0.029 14.021± 0.010
V48 0.36496940 RRc 16.243± 0.011 15.902± 0.008 15.415± 0.007 14.972± 0.021 14.911± 0.018
V49 0.65517590 RRab 16.240± 0.020 15.715± 0.017 15.140± 0.013 14.393± 0.021 14.055± 0.021
V50 0.29805910 RRc 16.212± 0.014 15.936± 0.010 15.515± 0.008 15.046± 0.019 15.056± 0.020
V51 0.39695930 RRd 16.250± 0.009 15.843± 0.007 15.337± 0.005 14.565± 0.018 14.733± 0.016
V52 0.57565020 RRab 16.360± 0.036 15.946± 0.022 15.302± 0.015 14.434± 0.020 14.471± 0.022
V53 0.41413080 RRd 16.183± 0.009 15.814± 0.006 15.271± 0.005 14.562± 0.015 14.567± 0.016
V54 0.39957130 RRd 16.188± 0.009 15.789± 0.006 15.278± 0.005 14.539± 0.013 14.659± 0.012
V55 0.74862510 RRab 16.318± 0.012 15.817± 0.009 15.161± 0.007 14.390± 0.019 14.179± 0.017
V56 0.57030660 RRab 16.219± 0.019 15.794± 0.015 15.223± 0.011 14.628± 0.023 14.230± 0.019
V57 0.34926938 RRc 16.161± 0.011 15.819± 0.009 15.378± 0.006 99.999± 9.999 99.999± 9.999
V58 0.40200180 RRd 16.291± 0.007 15.862± 0.006 15.264± 0.004 14.465± 0.010 14.387± 0.014
V59 0.55650010 RRab 16.193± 0.020 15.785± 0.014 15.231± 0.007 14.603± 0.021 99.999± 9.999
V60 0.71868290 RRab 16.152± 0.012 15.620± 0.012 14.980± 0.010 14.194± 0.018 14.144± 0.020
V61 0.39964120 RRd 16.255± 0.007 15.856± 0.006 15.304± 0.004 15.182± 0.035 14.815± 0.053
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Table A.7: continued
Name Period Mode B V I [3.6] [4.5]
V62 0.37729670 RRd 16.156± 0.010 15.802± 0.008 15.297± 0.006 14.695± 0.017 14.473± 0.014
V63 0.64690100 RRab 16.259± 0.015 15.799± 0.011 15.199± 0.009 14.804± 0.046 14.474± 0.024
V64 0.36418900 RRc 16.155± 0.011 15.777± 0.009 15.287± 0.006 14.375± 0.016 14.657± 0.015
V65 0.71818970 RRab 16.269± 0.011 15.803± 0.009 15.150± 0.006 14.285± 0.017 14.439± 0.021
V66 0.37935710 RRc 16.257± 0.010 15.891± 0.007 15.372± 0.005 14.621± 0.013 14.683± 0.012
V67 0.40420340 RRd 16.269± 0.008 15.864± 0.006 15.310± 0.005 14.612± 0.014 14.551± 0.010
V68 0.37715100 RRc 16.127± 0.008 15.708± 0.008 15.067± 0.011 99.999± 9.999 99.999± 9.999
V69 0.58684670 RRab 16.150± 0.017 15.759± 0.011 15.142± 0.009 14.379± 0.022 99.999± 9.999
V70 0.37134050 RRc 16.148± 0.009 15.758± 0.007 15.186± 0.005 14.779± 0.028 14.549± 0.019
V71 0.37412370 RRc 16.105± 0.009 15.745± 0.008 15.130± 0.006 14.634± 0.039 14.877± 0.042
V73=V179 0.31080689 RRc 16.066± 0.009 15.704± 0.007 15.210± 0.006 13.901± 0.017 99.999± 9.999
V74 0.29601080 RRc 16.202± 0.012 15.912± 0.009 15.515± 0.007 14.816± 0.011 14.827± 0.012
V75 0.36545820 RRc 16.204± 0.010 15.837± 0.008 15.235± 0.008 14.036± 0.027 14.246± 0.017
V76 0.38412830 RRc 16.226± 0.008 15.814± 0.008 15.250± 0.006 14.658± 0.017 13.830± 0.012
V77 0.59596840 RRab 16.004± 0.012 15.599± 0.011 14.904± 0.007 99.999± 9.999 99.999± 9.999
V78 0.66475190 RRab 16.113± 0.017 15.634± 0.013 15.074± 0.010 14.436± 0.013 14.174± 0.012
V79=V171 0.55265250 RRab 16.234± 0.014 15.810± 0.010 15.164± 0.009 14.644± 0.028 14.043± 0.029
V80 0.66420860 RRab 16.220± 0.016 15.784± 0.011 15.166± 0.009 16.376± 0.134 15.209± 0.073
V81 0.60572600 RRab 16.160± 0.016 15.694± 0.012 15.052± 0.011 14.712± 0.029 99.999± 9.999
V82 0.36909210 RRc 15.895± 0.007 15.530± 0.005 14.935± 0.007 99.999± 9.999 12.611± 0.031
V83 0.72625670 RRab 15.949± 0.018 15.493± 0.015 14.746± 0.011 13.280± 0.055 13.852± 0.048
V84 0.58717480 RRab 16.064± 0.017 15.631± 0.013 14.990± 0.009 14.525± 0.052 99.999± 9.999
V85=V168 0.60294330 RRab 16.142± 0.011 15.687± 0.010 14.992± 0.007 14.195± 0.023 99.999± 9.999
V87=NV13 0.32081849 RRc 16.070± 0.010 15.745± 0.009 15.210± 0.007 99.999± 9.999 15.967± 0.081
V88 0.68219530 RRab 15.848± 0.013 15.420± 0.010 14.707± 0.009 14.650± 0.048 13.229± 0.022
V89 0.38218020 RRc 16.116± 0.007 15.692± 0.006 15.086± 0.007 14.654± 0.026 99.999± 9.999
V90 0.38270510 RRc 15.957± 0.010 15.588± 0.007 14.981± 0.009 14.508± 0.049 14.711± 0.030
V92 0.41509850 RRc 16.128± 0.008 15.714± 0.005 15.153± 0.004 14.014± 0.012 13.492± 0.011
V93 0.39701040 RRd 16.248± 0.009 15.846± 0.007 15.282± 0.006 14.260± 0.012 99.999± 9.999
V94 0.66291390 RRab 15.832± 0.013 15.356± 0.012 14.685± 0.009 99.999± 9.999 99.999± 9.999
V95=V170 0.40299410 RRc 16.132± 0.014 15.646± 0.012 14.977± 0.011 99.999± 9.999 99.999± 9.999
V96 0.39636640 RRd 16.355± 0.016 15.944± 0.009 15.352± 0.006 15.087± 0.040 15.103± 0.042
V97 0.69633110 RRab 16.257± 0.014 15.820± 0.010 15.191± 0.007 14.255± 0.020 14.288± 0.019
V99 0.29081360 RRc 16.174± 0.011 15.879± 0.008 15.463± 0.005 14.827± 0.013 14.859± 0.012
V100=NV12 0.40571130 RRd 16.228± 0.008 15.824± 0.007 15.218± 0.011 14.330± 0.018 99.999± 9.999
V101 0.40029370 RRd 16.299± 0.014 15.930± 0.011 15.331± 0.008 14.545± 0.014 99.999± 9.999
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Table A.7: continued
Name Period Mode B V I [3.6] [4.5]
V102=NV10 0.75942980 RRab 16.298± 0.008 15.820± 0.006 15.169± 0.004 14.133± 0.020 99.999± 9.999
V103 0.36824040 RRc 16.180± 0.023 15.837± 0.014 15.340± 0.009 99.999± 9.999 99.999± 9.999
V107=NV2 0.41655540 RRc 16.175± 0.006 15.647± 0.009 14.920± 0.010 99.999± 9.999 14.442± 0.031
V109=NV14 0.29933962 RRc 16.132± 0.006 15.826± 0.006 15.340± 0.009 15.196± 0.027 14.837± 0.016
V115=V163 0.55384770 RRab 15.766± 0.014 15.375± 0.011 14.666± 0.012 13.094± 0.023 10.653± 0.091
V116=NV5 0.61370390 RRab 16.096± 0.018 15.703± 0.014 15.069± 0.013 99.999± 9.999 99.999± 9.999
V118 0.29998950 RRd 16.123± 0.008 15.732± 0.010 15.320± 0.008 14.752± 0.027 15.238± 0.067
V120=NV7 0.21925426 RRc 16.009± 0.007 15.584± 0.006 14.927± 0.009 99.999± 9.999 13.988± 0.017
V129 0.68312140 RRab 15.807± 0.012 15.303± 0.011 14.538± 0.007 14.619± 0.061 99.999± 9.999
V130 0.63873860 RRab 15.885± 0.012 15.422± 0.011 14.638± 0.013 10.285± 0.010 13.790± 0.022
V131 0.37735220 RRc 15.257± 0.008 14.654± 0.010 13.914± 0.019 99.999± 9.999 99.999± 9.999
V137 0.53883280 RRab 15.039± 0.008 14.528± 0.013 13.956± 0.017 12.186± 0.014 99.999± 9.999
V139=ZK44 0.32392536 RRc 15.761± 0.011 15.384± 0.016 14.797± 0.019 13.682± 0.037 12.512± 0.017
V141 0.36444450 RRc 15.832± 0.006 15.354± 0.009 14.430± 0.017 99.999± 9.999 12.137± 0.018
V144 0.29713829 RRc 15.173± 0.004 14.838± 0.004 14.291± 0.007 99.999± 9.999 13.505± 0.030
V155=V176 0.60745590 RRab 16.040± 0.010 15.559± 0.011 14.870± 0.006 15.709± 0.045 99.999± 9.999
V161=ZK39 0.57013230 RRab 15.940± 0.014 15.288± 0.013 14.486± 0.015 99.999± 9.999 99.999± 9.999
V162=ZK18 0.73375160 RRab 15.886± 0.012 15.434± 0.009 14.706± 0.011 99.999± 9.999 99.999± 9.999
V166=ZK22 0.36562620 RRc 15.902± 0.007 15.421± 0.010 14.675± 0.017 13.796± 0.050 12.668± 0.022
V167 0.31921608 RRc 16.208± 0.017 15.750± 0.013 15.092± 0.021 99.999± 9.999 99.999± 9.999
V169=ZK23 0.55485940 RRab 16.219± 0.030 15.706± 0.028 14.947± 0.036 99.999± 9.999 99.999± 9.999
V172=ZK13 0.43167880 RRd 16.145± 0.008 15.429± 0.039 14.361± 0.057 99.999± 9.999 12.561± 0.012
V173=ZK11 0.37685470 RRc 16.131± 0.009 15.737± 0.007 15.102± 0.005 13.326± 0.015 13.288± 0.016
V175=ZK6 0.73511450 RRab 16.201± 0.007 15.690± 0.005 14.941± 0.007 14.063± 0.022 14.327± 0.019
V181=ZK14 0.40098170 RRd 15.992± 0.004 15.603± 0.006 15.119± 0.003 14.853± 0.026 14.578± 0.017
NV3 0.42101900 RRd? 15.944± 0.006 15.521± 0.005 14.934± 0.006 99.999± 9.999 14.220± 0.055
NV6 0.39088320 RRc 16.227± 0.008 15.835± 0.006 15.324± 0.005 15.118± 0.036 14.947± 0.025
NV8 0.63180200 RRab 14.877± 0.005 14.023± 0.003 12.975± 0.003 99.999± 9.999 99.999± 9.999
NV9 0.38627690 RRc 16.377± 0.012 16.024± 0.007 15.378± 0.011 99.999± 9.999 99.999± 9.999
NV11 0.41753840 RRd 16.229± 0.010 15.825± 0.007 15.271± 0.005 14.784± 0.033 16.443± 0.051
ZK3 0.62134020 RRab 15.733± 0.005 15.150± 0.004 14.434± 0.005 13.247± 0.011 99.999± 9.999
ZK4 0.38283770 RRc 16.136± 0.009 15.720± 0.008 15.145± 0.007 99.999± 9.999 14.117± 0.012
ZK5 0.36467370 RRc 16.028± 0.009 15.591± 0.013 14.855± 0.023 13.894± 0.009 99.999± 9.999
ZK34 0.29769687 RRc 16.124± 0.009 15.676± 0.009 15.181± 0.024 99.999± 9.999 99.999± 9.999
ZK63 0.28766224 RRd 15.943± 0.005 15.547± 0.004 14.980± 0.005 99.999± 9.999 13.631± 0.015
ZK67 0.57094690 RRab 16.036± 0.021 15.493± 0.018 14.713± 0.023 99.999± 9.999 99.999± 9.999
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Name Period Mode B V I [3.6] [4.5]
ZK69 0.70335000 RRab 16.040± 0.008 15.583± 0.008 14.902± 0.007 12.546± 0.016 12.727± 0.012
ZK74 0.32108390 RRc 16.133± 0.013 15.800± 0.010 15.335± 0.009 15.146± 0.029 99.999± 9.999
ZK78 0.42510510 RRc 16.186± 0.008 15.774± 0.007 15.188± 0.005 14.613± 0.014 99.999± 9.999
ZK80 0.38728920 RRc 16.365± 0.010 15.866± 0.009 15.099± 0.012 14.272± 0.019 99.999± 9.999
Table A.8: Average magnitudes for RRL in M14
Name Period Mode B V I [3.6] [4.5]
V3 0.52241590 RRab 17.429± 0.014 16.569± 0.010 15.368± 0.008 13.826± 0.013 13.967± 0.014
V4 0.65132320 RRab 18.084± 0.024 17.182± 0.017 15.928± 0.013 14.346± 0.031 15.295± 0.077
V5 0.54879090 RRab 18.012± 0.027 17.179± 0.021 15.989± 0.016 14.430± 0.020 14.715± 0.028
V8 0.68606820 RRab 18.183± 0.015 17.224± 0.010 15.913± 0.008 14.123± 0.018 14.381± 0.023
V9 0.53881310 RRab 18.070± 0.026 17.231± 0.018 16.034± 0.015 14.605± 0.028 14.635± 0.030
V10 0.58592570 RRab 17.863± 0.023 16.998± 0.017 15.784± 0.012 14.013± 0.029 14.036± 0.028
V11 0.60443510 RRab 17.442± 0.028 16.676± 0.021 15.545± 0.017 99.999± 9.999 99.999± 9.999
V12 0.50396750 RRab 17.936± 0.029 17.156± 0.021 16.018± 0.016 99.999± 9.999 99.999± 9.999
V13 0.53521990 RRab 17.792± 0.027 16.908± 0.017 15.709± 0.013 14.044± 0.014 14.137± 0.019
V14 0.47201510 RRab 17.987± 0.027 17.237± 0.019 16.153± 0.015 14.620± 0.027 14.763± 0.033
V15 0.55772920 RRab 17.937± 0.027 17.118± 0.020 15.972± 0.016 14.540± 0.025 14.670± 0.032
V16 0.60062200 RRab 18.264± 0.020 17.236± 0.013 15.850± 0.009 13.511± 0.011 14.218± 0.014
V18 0.47903370 RRab 18.030± 0.023 17.227± 0.017 16.055± 0.014 14.633± 0.029 15.091± 0.045
V19 0.54568030 RRab 17.998± 0.028 17.159± 0.020 15.951± 0.016 14.608± 0.034 14.686± 0.035
V20 0.26352990 RRc 18.017± 0.012 17.280± 0.009 16.243± 0.007 15.026± 0.021 15.711± 0.052
V21 0.31887490 RRc 17.771± 0.011 17.016± 0.007 15.959± 0.005 14.314± 0.011 14.615± 0.018
V22 0.65591380 RRab 18.030± 0.021 17.113± 0.014 15.830± 0.012 14.139± 0.024 14.603± 0.025
V23 0.55232880 RRab 17.834± 0.024 17.050± 0.017 15.941± 0.013 14.486± 0.029 99.999± 9.999
V24 0.51989620 RRab 17.988± 0.028 17.164± 0.019 15.987± 0.015 14.358± 0.028 14.638± 0.030
V25 0.36070930 RRc 17.914± 0.010 17.125± 0.007 16.017± 0.005 99.999± 9.999 14.685± 0.019
V30 0.53422230 RRab 17.983± 0.029 17.158± 0.021 15.992± 0.017 14.589± 0.026 15.450± 0.067
V31 0.61963580 RRab 18.078± 0.024 17.147± 0.016 15.836± 0.014 13.981± 0.050 13.980± 0.026
V32 0.65597380 RRab 17.861± 0.020 17.009± 0.014 15.835± 0.012 14.243± 0.022 14.293± 0.033
V33 0.47996270 RRab 18.076± 0.026 17.257± 0.017 16.085± 0.014 14.410± 0.019 14.554± 0.025
V34 0.60662020 RRab 18.212± 0.020 17.232± 0.013 15.871± 0.011 13.820± 0.017 13.919± 0.028
V37 0.48903910 RRab 18.066± 0.022 17.116± 0.014 15.787± 0.011 13.910± 0.029 14.001± 0.028
V38 0.50845210 RRab 18.037± 0.029 17.208± 0.021 15.986± 0.018 14.324± 0.040 14.487± 0.025
V39 0.57601400 RRab 17.870± 0.026 17.072± 0.019 15.913± 0.015 14.641± 0.042 14.875± 0.051
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Name Period Mode B V I [3.6] [4.5]
V41 0.25934640 RRc 17.787± 0.009 16.922± 0.007 15.660± 0.007 13.485± 0.194 11.672± 0.026
V42 0.63109780 RRab 17.588± 0.014 16.816± 0.011 15.723± 0.010 13.639± 0.044 14.093± 0.034
V43 0.52173340 RRab 18.238± 0.026 17.417± 0.019 16.179± 0.017 14.378± 0.032 14.490± 0.030
V44 0.28942310 RRc 17.870± 0.011 17.103± 0.008 16.021± 0.006 14.607± 0.012 15.360± 0.021
V46 0.33261290 RRc 17.963± 0.010 17.157± 0.007 16.033± 0.006 14.432± 0.011 14.678± 0.013
V47 0.87698700 RRab 18.054± 0.011 17.059± 0.008 15.691± 0.007 13.820± 0.017 14.035± 0.022
V48 0.46783320 RRab 18.479± 0.033 17.672± 0.024 16.485± 0.020 14.866± 0.055 14.954± 0.040
V49 0.64147940 RRab 18.238± 0.010 17.097± 0.005 15.586± 0.004 13.210± 0.012 13.552± 0.017
V51 0.26880010 RRc 17.873± 0.010 17.179± 0.006 16.188± 0.006 99.999± 9.999 15.044± 0.019
V55 0.33753450 RRc 18.029± 0.011 17.247± 0.008 16.134± 0.006 17.789± 0.118 14.832± 0.014
V56 0.34112310 RRc 17.993± 0.012 17.182± 0.008 16.099± 0.007 99.999± 9.999 99.999± 9.999
V57 0.56685610 RRab 18.101± 0.018 17.234± 0.013 15.999± 0.010 14.397± 0.029 14.519± 0.030
V58 0.41792750 RRc 17.722± 0.009 16.897± 0.006 15.720± 0.005 14.270± 0.016 14.470± 0.019
V59 0.55564080 RRab 18.208± 0.024 17.325± 0.017 16.081± 0.011 14.235± 0.019 14.393± 0.025
V60 0.57887350 RRab 18.226± 0.024 17.303± 0.017 16.030± 0.012 14.452± 0.044 14.461± 0.037
V61 0.56983380 RRab 17.754± 0.020 16.817± 0.014 15.519± 0.010 14.286± 0.055 14.022± 0.028
V62 0.63845940 RRab 18.158± 0.010 17.236± 0.007 15.933± 0.005 99.999± 9.999 99.999± 9.999
V68 0.50722030 RRab 18.067± 0.029 17.183± 0.021 15.949± 0.016 14.041± 0.029 14.118± 0.025
V70 0.60468070 RRab 17.971± 0.025 17.122± 0.018 15.898± 0.015 15.210± 0.088 14.744± 0.052
V75 0.54528370 RRab 18.099± 0.029 17.197± 0.022 15.983± 0.017 14.156± 0.040 14.227± 0.031
V77 0.79215000 RRab 18.042± 0.011 17.087± 0.007 15.768± 0.006 14.029± 0.019 14.196± 0.024
V78 0.31025140 RRc 18.000± 0.010 17.220± 0.007 16.111± 0.005 15.131± 0.031 15.128± 0.037
V79 0.55986670 RRab 18.095± 0.024 17.192± 0.018 15.899± 0.013 13.917± 0.028 14.130± 0.029
V80 0.31581020 RRc 17.833± 0.010 17.096± 0.007 16.066± 0.006 14.860± 0.026 14.442± 0.022
V86 0.31966140 RRc 18.241± 0.010 17.384± 0.007 16.191± 0.006 16.070± 0.121 99.999± 9.999
V88 0.31314670 RRc 18.250± 0.011 17.403± 0.008 16.224± 0.006 14.557± 0.017 14.81RRc3± 0.016
V90 0.35125400 RRc 18.024± 0.010 17.068± 0.007 15.723± 0.005 13.869± 0.013 13.896± 0.017
V94 0.26026880 RRc 18.031± 0.003 17.292± 0.003 16.263± 0.003 15.061± 0.030 16.258± 0.136
V95 0.35949490 RRc 17.916± 0.011 17.124± 0.007 15.992± 0.005 99.999± 9.999 99.999± 9.999
V96 0.25247700 RRc 18.030± 0.008 17.310± 0.006 16.291± 0.005 14.990± 0.030 15.545± 0.051
V98 0.25777440 RRc 17.952± 0.009 17.230± 0.007 16.222± 0.005 15.129± 0.024 15.095± 0.018
V100 0.26128030 RRc 18.020± 0.009 17.302± 0.006 16.300± 0.005 15.097± 0.112 16.209± 0.137
V104 0.26220450 RRc 17.454± 0.005 16.634± 0.004 15.488± 0.004 13.863± 0.012 14.252± 0.017
V105 0.27938690 RRc 18.340± 0.013 17.507± 0.009 16.363± 0.008 14.426± 0.073 14.935± 0.032
V106 0.54702757 RRab 18.059± 0.023 17.132± 0.017 15.837± 0.012 14.415± 0.041 14.039± 0.029
V107 0.29496280 RRc 18.079± 0.011 17.298± 0.008 16.191± 0.006 14.322± 0.038 14.493± 0.027
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Name Period Mode B V I [3.6] [4.5]
V108 0.26208580 RRc 18.562± 0.008 17.689± 0.006 16.526± 0.007 14.977± 0.057 14.395± 0.032
V109 0.65624400 RRab 18.189± 0.011 17.203± 0.007 15.830± 0.005 13.970± 0.026 14.313± 0.028
V110 0.30122680 RRc 18.031± 0.010 17.234± 0.007 16.114± 0.005 14.807± 0.016 14.862± 0.018
V111 0.72041570 RRab 18.485± 0.017 17.439± 0.011 15.995± 0.009 14.560± 0.035 14.393± 0.024
V113 0.20448462 RRc 17.591± 0.003 16.623± 0.002 15.231± 0.002 13.162± 0.015 13.234± 0.014
V114 0.33542110 RRc 17.716± 0.005 16.863± 0.004 15.576± 0.005 12.050± 0.011 13.976± 0.028
V115 0.25183920 RRc 17.772± 0.005 16.819± 0.003 15.485± 0.004 13.312± 0.014 13.338± 0.019
V116 0.25228710 RRc 18.230± 0.008 17.395± 0.006 16.248± 0.004 14.959± 0.024 14.594± 0.032
V117 0.33947510 RRc 18.156± 0.011 17.303± 0.008 16.093± 0.007 99.999± 9.999 99.999± 9.999
V118 0.38051100 RRc 17.978± 0.010 17.113± 0.007 15.954± 0.005 14.134± 0.010 14.384± 0.014
V119 0.33325760 RRc 17.735± 0.008 16.781± 0.005 15.463± 0.005 13.725± 0.019 13.917± 0.022
V122 0.55881410 RRab 17.955± 0.018 16.964± 0.011 15.633± 0.009 13.346± 0.026 13.554± 0.022
V123 0.28446440 RRc 17.969± 0.007 17.144± 0.005 15.968± 0.006 14.990± 0.037 13.940± 0.032
V124 0.56979200 RRab 18.440± 0.013 17.460± 0.009 16.084± 0.006 99.999± 9.999 99.999± 9.999
V126 0.29423330 RRc 17.092± 0.004 15.968± 0.003 14.441± 0.002 12.336± 0.017 12.518± 0.013
V127 0.29855480 RRc 17.595± 0.008 16.807± 0.006 15.664± 0.007 12.600± 0.038 13.248± 0.031
V128 0.39267040 RRc 18.105± 0.008 17.240± 0.008 15.973± 0.005 14.447± 0.093 13.258± 0.071
V129 0.27961010 RRc 17.888± 0.006 17.007± 0.007 15.716± 0.012 13.593± 0.016 13.692± 0.020
V130 0.59583260 RRab 18.051± 0.015 17.112± 0.010 15.786± 0.008 14.303± 0.022 14.209± 0.030
V131 0.26968920 RRc 17.636± 0.008 16.538± 0.005 15.013± 0.007 13.965± 0.056 13.855± 0.026
V132 0.48220730 RRab 18.479± 0.030 17.670± 0.024 16.516± 0.021 14.367± 0.030 13.746± 0.016
V133 0.30303020 RRc 17.906± 0.011 17.162± 0.008 16.113± 0.006 14.876± 0.028 14.964± 0.041
V135 0.33851000 RRc 18.136± 0.010 17.306± 0.008 16.143± 0.005 14.954± 0.050 14.651± 0.049
V136 0.33006850 RRc 17.984± 0.012 17.176± 0.007 16.033± 0.006 14.788± 0.030 99.999± 9.999
V137 0.27620690 RRc 18.119± 0.011 17.357± 0.009 16.301± 0.009 99.999± 9.999 12.460± 0.022
V138 0.37112790 RRc 17.841± 0.010 17.005± 0.007 15.830± 0.005 14.144± 0.011 14.787± 0.026
V139 0.27196070 RRc 18.044± 0.009 17.290± 0.007 16.241± 0.005 15.269± 0.031 16.100± 0.075
V140 0.76086660 RRab 18.125± 0.011 17.171± 0.007 15.866± 0.007 14.275± 0.024 14.352± 0.023
V141 0.64312390 RRab 18.066± 0.020 17.126± 0.014 15.798± 0.011 99.999± 9.999 14.399± 0.044
V142 0.46174160 RRab 18.137± 0.028 17.262± 0.019 15.923± 0.014 99.999± 9.999 99.999± 9.999
V143 0.31849090 RRc 18.102± 0.010 17.301± 0.007 16.184± 0.005 17.288± 0.082 14.879± 0.023
V144 0.37581240 RRc 17.931± 0.009 17.009± 0.006 15.728± 0.006 11.910± 0.013 12.197± 0.011
V145 0.30032420 RRc 17.956± 0.009 17.174± 0.006 16.071± 0.005 14.293± 0.057 14.653± 0.036
V147 0.32975750 RRab? 17.724± 0.025 16.916± 0.018 15.820± 0.010 99.999± 9.999 99.999± 9.999
V148 0.26516690 RRc 18.042± 0.008 17.286± 0.006 16.227± 0.004 15.192± 0.028 15.172± 0.020
V150 0.80276990 RRab 18.145± 0.014 17.161± 0.009 15.812± 0.007 13.934± 0.023 14.022± 0.023
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Name Period Mode B V I [3.6] [4.5]
V153 0.26483400 RRc 17.905± 0.006 17.194± 0.005 16.222± 0.004 15.575± 0.082 16.026± 0.082
V154 0.25499480 RRc 18.148± 0.010 17.404± 0.007 16.376± 0.006 15.267± 0.026 15.271± 0.022
V157 0.26259780 RRc 18.134± 0.011 17.399± 0.009 16.351± 0.007 15.863± 0.062 16.298± 0.091
V158 0.72209030 RRab 18.319± 0.005 17.333± 0.004 15.977± 0.004 99.999± 9.999 15.412± 0.069
V159 0.28960700 RRc 18.140± 0.011 17.355± 0.008 16.247± 0.006 15.075± 0.047 15.284± 0.045
V160 0.34026960 RRc 17.812± 0.012 17.053± 0.008 16.014± 0.007 14.591± 0.013 14.904± 0.033
V163 0.29034320 RRc 17.999± 0.012 17.255± 0.008 16.206± 0.006 99.999± 9.999 99.999± 9.999
V164 0.33256640 RRc 17.917± 0.013 17.147± 0.009 16.085± 0.006 99.999± 9.999 99.999± 9.999
Table A.9: Pulsation amplitudes for RRL in the cluster NGC 3201
Name Period Mode B amp V amp I amp [3.6] amp [4.5] amp
V1 0.60488190 RRab 1.19 0.85 0.42 0.56 0.27 0.28
V2 0.53267700 RRab 1.31 1.06 0.47 0.67 0.29 0.23
V3 0.59941880 RRab 0.81 0.56 9.99 0.47 0.25 0.18
V4 0.63001400 RRab 1.23 1.01 9.99 0.67 0.28 0.30
V5 0.50153980 RRab 1.41 1.06 0.56 0.58 0.30 0.25
V6 0.52561830 RRab 1.25 0.92 9.99 0.60 0.31 0.32
V7 0.63032740 RRab 0.66 0.50 9.99 0.34 0.20 9.99
V8 0.62864050 RRab 0.63 0.48 9.99 0.32 0.17 0.20
V9 0.52669150 RRab 1.31 1.07 0.73 0.49 9.99 0.28
V10 0.53516420 RRab 1.26 1.04 9.99 0.72 0.26 0.29
V11 0.29904815 RRc 0.69 0.53 0.23 0.31 9.99 0.20
V12 0.49554840 RRab 1.43 1.12 0.46 0.79 0.29 0.29
V13 0.57520820 RRab 1.12 0.86 9.99 0.52 0.25 0.23
V14 0.50929279 RRab 1.52 1.16 9.99 0.71 0.26 0.30
V15 0.53466330 RRab 1.32 1.03 9.99 0.56 9.99 0.22
V16 0.26344042 RRc 0.39 0.31 9.99 0.20 0.10 0.07
V17 0.56559370 RRab 1.09 0.89 9.99 0.56 0.23 0.24
V18 0.53885920 RRab 1.12 0.83 0.46 0.64 0.32 0.25
V19 0.52503060 RRab 1.18 0.92 9.99 0.76 0.28 0.24
V20 0.52910050 RRab 1.26 1.01 9.99 0.64 0.26 0.26
V21 0.56662920 RRab 1.01 0.77 0.65 0.57 0.23 0.19
V22 0.60598600 RRab 1.05 0.79 0.51 0.54 0.26 0.27
V23 0.58677760 RRab 0.95 0.72 0.43 0.51 0.24 0.22
V24 0.58894920 RRab 1.04 0.75 9.99 0.40 9.99 0.20
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Table A.9: continued
Name Period Mode B V I [3.6] [4.5]
V25 0.51480040 RRab 1.20 0.84 9.99 0.50 0.20 0.28
V26 0.56896060 RRab 1.06 0.85 9.99 0.57 0.26 0.27
V27 0.48430650 RRab 1.62 1.26 9.99 0.68 9.99 9.99
V28 0.57866560 RRab 0.93 0.73 0.34 0.57 0.23 9.99
V29 0.53552670 RRab 0.73 0.86 9.99 0.65 0.17 0.16
V30 0.51585280 RRab 1.43 1.10 9.99 0.61 9.99 9.99
V31 0.51946430 RRab 0.99 0.82 9.99 0.58 0.30 0.40
V32 0.56116980 RRab 1.61 1.25 9.99 0.76 0.29 0.29
V34 0.46790040 RRab 1.47 1.15 9.99 0.70 0.26 9.99
V35 0.61552280 RRab 0.82 0.62 0.36 0.41 0.18 0.25
V36 0.48449840 RRab 1.01 0.87 9.99 0.58 0.17 9.99
V37 0.57669550 RRab 0.87 0.63 0.69 0.46 0.14 0.17
V38 0.50910160 RRab 0.96 0.83 9.99 0.71 0.24 0.32
V39 0.48323400 RRab 1.47 1.15 0.40 0.75 0.29 0.33
V40 0.64382520 RRab 0.55 0.41 0.36 0.27 0.17 0.18
V41 0.66532850 RRab 0.57 0.43 9.99 0.22 0.16 9.99
V42 0.53824730 RRab 1.31 1.03 9.99 0.62 0.32 0.27
V43 0.67613080 RRab 0.62 0.49 9.99 0.34 9.99 0.21
V44 0.61073480 RRab 0.80 0.62 0.43 0.44 0.20 0.16
V45 0.53744040 RRab 1.25 1.00 9.99 0.54 0.27 0.22
V46 0.54319890 RRab 1.34 1.06 9.99 9.99 9.99 9.99
V47 0.52039385 RRab 0.51 0.37 9.99 0.42 0.23 0.26
V48 0.34126950 RRc 0.54 0.40 9.99 0.27 0.17 0.09
V49 0.58147930 RRab 1.03 0.69 9.99 0.52 0.21 0.20
V50 0.54217380 RRab 1.20 0.90 0.80 0.55 0.41 0.33
V51 0.52045150 RRab 1.38 1.00 9.99 0.47 0.19 0.21
V56 0.59033780 RRab 1.00 0.81 9.99 0.54 0.23 9.99
V57 0.59343720 RRab 0.98 0.75 9.99 0.44 0.23 0.23
V58 0.62204080 RRab 0.67 0.51 9.99 0.31 0.16 9.99
V59 0.51770930 RRab 1.36 1.03 9.99 0.54 9.99 0.26
V66 0.66703880 RRab 0.32 0.34 9.99 0.15 9.99 9.99
V67 0.33226960 RRc 0.57 0.43 9.99 0.16 9.99 0.11
V71 0.60118970 RRab 0.99 0.77 9.99 0.51 0.24 0.23
V73 0.51995660 RRab 1.87 1.25 9.99 0.71 9.99 0.26
V76 0.52559780 RRab 0.83 0.53 0.79 0.39 9.99 0.16
V77 0.56764120 RRab 1.08 0.84 1.00 0.53 0.27 9.99
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Table A.9: continued
Name Period Mode B V I [3.6] [4.5]
V78 0.51389400 RRab 1.38 1.00 9.99 0.63 0.25 0.22
V80 0.58998310 RRab 0.72 0.61 0.96 0.36 0.21 0.30
V81 0.51975730 RRab 1.31 0.94 9.99 0.57 0.33 0.35
V83 0.54520460 RRab 1.46 1.18 9.99 0.80 0.26 0.29
V90 0.60610170 RRab 1.14 0.95 0.71 0.62 9.99 0.31
V92 0.53958350 RRab 1.25 0.99 9.99 0.59 0.31 0.26
V98 0.33564583 RRc 0.57 0.42 9.99 0.26 0.11 0.11
V100 0.54892210 RRab 1.24 1.03 0.37 0.68 0.26 0.22
Table A.10: Pulsation amplitudes for RRL in the cluster M5
Name Period Mode B amp V amp I amp [3.6] amp [4.5] amp
V1 0.52178710 RRab 1.36 1.06 0.66 0.26 0.29
V4 0.44960670 RRab 1.27 0.98 0.52 0.25 0.23
V5 0.54585000 RRab 1.31 1.02 0.64 0.23 0.21
V7 0.49440960 RRab 1.36 1.02 0.60 0.51 0.28
V11 0.59588820 RRab 1.33 1.07 0.64 0.23 0.24
V12 0.46769990 RRab 1.39 1.20 0.78 0.34 0.31
V13 0.51313200 RRab 1.18 1.03 0.63 9.99 0.29
V14 0.49002260 RRab 0.94 0.59 0.37 0.29 0.24
V16 0.64763220 RRab 1.43 1.15 0.71 0.28 0.34
V17 0.60138850 RRab 1.57 1.19 0.78 0.29 0.30
V25 0.50754500 RRab 1.15 1.07 0.41 0.26 9.99
V26 0.62256500 RRab 1.33 1.05 0.67 0.27 0.26
V27 0.47030910 RRab 1.50 1.24 0.69 0.16 0.18
V30 0.59217420 RRab 0.99 0.71 0.47 0.19 0.18
V33 0.50147990 RRab 1.31 1.09 0.71 0.25 0.21
V34 0.56815030 RRab 0.98 0.77 0.53 0.28 0.28
V36 0.62772130 RRab 0.83 0.60 0.41 0.42 0.38
V37 0.48880120 RRab 1.53 1.14 0.81 0.39 0.52
V38 0.47042590 RRab 1.16 0.93 0.53 0.20 0.24
V39 0.58904240 RRab 1.50 1.30 0.70 9.99 0.27
V40 0.31732919 RRc 0.56 0.49 0.28 0.12 0.11
V41 0.48857000 RRab 1.47 1.13 0.75 0.33 0.33
V43 0.66022860 RRab 0.77 0.57 0.38 9.99 9.99
V44 0.32960458 RRc 0.48 0.39 0.29 0.08 0.11
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Table A.10: continued
Name Period Mode B V I [3.6] [4.5]
V45 0.61663980 RRab 1.19 1.02 0.59 0.28 0.26
V47 0.53972760 RRab 1.23 0.97 0.60 0.30 0.26
V52 0.50152400 RRab 1.15 0.96 0.60 0.26 9.99
V53 0.37354780 RRc 0.44 0.29 0.16 0.39 9.99
V54 0.45411860 RRab 1.49 1.12 0.66 0.24 0.28
V55 0.32890050 RRc 0.50 0.42 0.27 0.12 0.13
V56 0.53469980 RRab 0.96 0.81 0.58 0.24 0.23
V57 0.28468790 RRc 0.60 0.49 0.31 0.29 0.12
V59 0.54203110 RRab 1.02 0.86 0.60 0.35 0.33
V60 0.28523583 RRc 0.63 0.51 0.29 0.27 9.99
V64 0.54449100 RRab 1.08 0.82 0.47 0.23 0.22
V65 0.48065040 RRab 0.65 0.37 0.46 0.28 0.27
V78 0.26481760 RRc 0.49 0.40 0.25 0.10 0.09
V79 0.33313921 RRc 0.55 0.51 0.36 9.99 9.99
V80 0.33654535 RRc 0.55 0.40 0.32 0.10 0.14
V81 0.55727650 RRab 1.12 0.89 0.55 0.21 0.21
V82 0.55843470 RRab 0.97 0.81 0.58 0.19 0.14
V83 0.55330580 RRab 1.03 0.83 0.55 0.31 0.42
V85 0.52752860 RRab 0.93 0.75 0.47 0.16 9.99
V86 0.56751040 RRab 1.42 1.08 0.68 0.77 0.39
V87 0.73840450 RRab 0.44 0.36 0.24 0.14 0.18
V88 0.32808365 RRc 0.56 0.44 0.29 0.07 0.17
V89 0.55844290 RRab 1.27 0.98 0.61 0.25 0.23
V90 0.55716260 RRab 1.44 1.24 0.79 0.29 0.32
V91 0.58494240 RRab 0.85 0.68 0.57 0.28 0.19
V92 0.46338490 RRab 1.71 1.16 0.77 0.21 0.43
V93 0.55229540 RRab 1.43 1.09 0.70 0.99 9.99
V94 0.53132630 RRab 1.20 0.92 0.60 0.26 0.27
V95 0.29119422 RRc 0.62 0.46 0.26 0.13 0.16
V96 0.51225350 RRab 1.38 0.98 0.55 0.28 0.18
V97 0.54461030 RRab 1.23 0.94 0.55 0.46 0.23
V98 0.30636525 RRc 0.64 0.52 0.34 0.43 0.41
V99 0.32135033 RRc 0.53 0.43 0.25 9.99 9.99
V100 0.29436262 RRc 0.64 0.50 0.31 9.99 9.99
V103 0.56666070 RRab 0.79 0.74 0.48 0.22 0.23
V107 0.51169980 RRab 1.11 0.92 0.71 0.28 9.99
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Table A.10: continued
Name Period Mode B V I [3.6] [4.5]
V108 0.32862744 RRc 0.49 0.37 0.29 0.25 0.07
V109 0.47300100 RRab 1.44 1.05 0.83 0.25 0.28
V110 0.59799640 RRab 0.81 0.65 0.40 0.18 0.24
V111 0.63464800 RRab 0.72 0.66 0.39 9.99 0.45
V112 0.34798751 RRc 0.89 0.76 0.42 0.15 9.99
V113 0.39840180 RRc 0.62 0.52 0.31 0.19 9.99
V114 0.60367040 RRab 0.92 0.69 0.44 0.23 0.27
V115 0.60908340 RRab 0.66 0.58 0.30 0.27 0.25
V116 0.34729655 RRc 0.64 0.53 0.33 9.99 0.13
V119 0.55095510 RRab 0.99 0.75 0.56 0.25 0.29
V120 0.27871632 RRc 0.54 0.49 0.30 0.42 9.99
V122 0.73309400 RRab 0.82 0.67 0.59 9.99 9.99
V123 0.60248450 RRab 0.81 0.67 0.43 9.99 9.99
V125 0.30330512 RRc 0.55 0.44 0.29 9.99 0.31
V127 0.54112390 RRab 0.90 0.72 0.46 0.44 0.15
V128 0.30601046 RRc 0.58 0.46 0.32 0.05 0.16
V129 0.60529010 RRab 0.70 0.57 0.35 0.21 0.27
V130 0.32718540 RRc 0.58 0.46 0.30 0.06 0.13
V131 0.28155307 RRc 0.66 0.52 0.30 9.99 0.35
V132 0.28374077 RRc 0.48 0.39 0.30 9.99 9.99
V133 0.29486411 RRc 0.57 0.47 0.27 0.23 9.99
V137 0.61936720 RRab 0.56 0.45 0.24 9.99 0.17
V139 0.30035840 RRc 0.68 0.46 0.41 0.13 0.13
V161 0.33126672 RRc 0.49 0.41 0.29 0.12 0.15
Table A.11: Pulsation amplitudes for RRL in the cluster M15
Name Period Mode B amp V amp I amp [3.6] amp [4.5] amp
V2 0.68429130 RRab 0.75 0.55 0.51 0.24 0.22
V3 0.38873490 RRc 0.59 0.50 0.31 0.11 0.11
V4 0.31357960 RRc 0.68 0.62 0.37 0.11 0.11
V5 0.38421160 RRc 0.64 0.50 0.31 0.12 0.14
V6 0.66597110 RRab 1.04 0.91 0.55 0.27 0.28
V7 0.36756140 RRc 0.64 0.52 0.32 0.14 0.14
V8 0.64623910 RRab 1.09 0.86 0.53 0.31 0.27
V9 0.71528880 RRab 1.00 0.78 0.49 0.26 0.23
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Table A.11: continued
Name Period Mode B V I [3.6] [4.5]
V10 0.38638800 RRc 0.61 0.47 0.31 0.11 0.13
V11 0.34323600 RRc 0.49 0.64 0.42 0.13 0.12
V12 0.59285730 RRab 1.03 0.73 0.47 0.20 0.18
V13 0.57490540 RRab 1.25 0.97 0.63 0.30 0.29
V14 0.38200570 RRc 0.63 0.50 0.29 0.09 0.09
V15 0.58352780 RRab 1.06 0.67 0.45 9.99 0.22
V16 0.39921630 RRc 0.52 0.41 0.28 0.11 0.16
V17 0.42890970 RRd 0.61 0.42 0.28 0.13 0.14
V18 0.36773510 RRc 0.67 0.53 0.35 0.12 0.13
V19 0.57231430 RRab 1.52 1.26 0.75 0.25 0.20
V20 0.69694800 RRab 1.02 0.81 0.49 0.24 0.23
V21 0.64878840 RRab 1.14 0.74 0.42 0.25 0.23
V22 0.72014930 RRab 0.93 0.72 0.47 0.26 0.17
V23 0.63268700 RRab 0.96 0.71 0.47 0.25 0.30
V24 0.36970120 RRc 0.66 0.54 0.33 0.13 0.13
V25 0.66532660 RRab 0.79 0.68 0.23 0.23 0.24
V26 0.40228130 RRd 0.50 0.45 0.28 0.11 9.99
V30 0.41276230 RRd 0.68 0.55 0.25 0.08 0.11
V31 0.40816870 RRd 0.76 0.48 0.30 0.10 9.99
V32 0.60438880 RRab 1.18 0.92 0.59 0.19 0.13
V33 0.58395310 RRab 1.20 0.99 0.72 0.24 0.17
V35 0.38399670 RRc 0.62 0.48 0.29 0.11 0.11
V36 0.62414280 RRab 1.04 0.85 0.55 0.21 0.20
V37 0.28750281 RRc 0.63 0.49 0.34 0.16 0.13
V38 0.37527410 RRc 0.67 0.53 0.34 0.14 0.16
V39 0.38956330 RRd 0.57 0.44 0.26 0.10 0.10
V40 0.37733950 RRc 0.68 0.53 0.34 0.15 0.12
V41 0.39174590 RRc 0.56 0.46 0.27 0.18 0.09
V42 0.36018500 RRc 0.72 0.56 0.34 0.12 0.13
V43 0.39600140 RRc 0.41 0.47 0.27 9.99 9.99
V44 0.59782940 RRab 1.03 0.82 0.43 0.17 0.16
V45 0.67740610 RRab 1.00 0.86 0.51 0.23 0.20
V46=V112 0.69146250 RRab 0.86 0.73 0.45 0.23 0.21
V47 0.68752150 RRab 1.19 1.03 0.64 0.33 0.10
V48 0.36496940 RRc 0.61 0.49 0.34 0.14 0.13
V49 0.65517590 RRab 1.01 0.99 0.68 0.24 0.20
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Table A.11: continued
Name Period Mode B V I [3.6] [4.5]
V50 0.29805910 RRc 0.74 0.61 0.39 0.13 0.14
V51 0.39695930 RRd 0.54 0.42 0.26 0.20 0.17
V52 0.57565020 RRab 1.09 0.89 0.56 0.22 0.24
V53 0.41413080 RRd 0.51 0.40 0.26 0.15 0.16
V54 0.39957130 RRd 0.55 0.42 0.26 0.11 0.12
V55 0.74862510 RRab 0.73 0.59 0.39 0.21 0.19
V56 0.57030660 RRab 1.20 0.95 0.59 0.25 0.21
V57 0.34926938 RRc 0.67 0.54 0.36 9.99 9.99
V58 0.40200180 RRd 0.42 0.37 0.25 0.08 0.12
V59 0.55650010 RRab 1.27 0.89 0.40 0.13 9.99
V60 0.71868290 RRab 0.70 0.75 0.57 0.17 0.22
V61 0.39964120 RRd 0.45 0.37 0.25 0.24 0.54
V62 0.37729670 RRd 0.62 0.49 0.34 0.14 0.10
V63 0.64690100 RRab 0.91 0.73 0.55 0.50 0.23
V64 0.36418900 RRc 0.68 0.55 0.31 0.11 0.14
V65 0.71818970 RRab 0.68 0.56 0.36 0.18 0.24
V66 0.37935710 RRc 0.57 0.44 0.26 0.12 0.12
V67 0.40420340 RRd 0.50 0.41 0.31 0.14 0.07
V68 0.37715100 RRc 0.51 0.45 0.56 9.99 9.99
V69 0.58684670 RRab 1.03 0.67 0.49 0.19 9.99
V70 0.37134050 RRc 0.58 0.47 0.30 0.18 0.11
V71 0.37412370 RRc 0.52 0.49 0.29 0.19 0.25
V73=V179 0.31080689 RRc 0.53 0.43 0.31 0.08 9.99
V74 0.29601080 RRc 0.73 0.61 0.38 0.11 0.11
V75 0.36545820 RRc 0.62 0.48 0.41 0.13 0.04
V76 0.38412830 RRc 0.51 0.47 0.29 0.08 0.05
V77 0.59596840 RRab 0.75 0.65 0.31 9.99 9.99
V78 0.66475190 RRab 1.08 0.87 0.61 0.15 0.13
V79=V171 0.55265250 RRab 0.85 0.62 0.48 0.09 0.25
V80 0.66420860 RRab 0.98 0.68 0.54 0.76 0.61
V81 0.60572600 RRab 0.99 0.78 0.62 0.15 9.99
V82 0.36909210 RRc 0.46 0.31 0.32 9.99 0.17
V83 0.72625670 RRab 1.06 0.88 0.53 0.59 0.46
V84 0.58717480 RRab 1.05 0.80 0.46 0.44 9.99
V85=V168 0.60294330 RRab 0.69 0.59 0.37 0.20 9.99
V87=NV13 0.32081849 RRc 0.62 0.53 0.37 9.99 0.72
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Table A.11: continued
Name Period Mode B V I [3.6] [4.5]
V88 0.68219530 RRab 0.78 0.61 0.45 0.48 0.12
V89 0.38218020 RRc 0.41 0.38 0.34 0.20 9.99
V90 0.38270510 RRc 0.59 0.42 0.45 0.42 0.18
V92 0.41509850 RRc 0.48 0.34 0.22 0.04 0.03
V93 0.39701040 RRd 0.57 0.41 0.32 0.08 9.99
V94 0.66291390 RRab 0.85 0.70 0.47 9.99 9.99
V95=V170 0.40299410 RRc 0.88 0.78 0.64 9.99 9.99
V96 0.39636640 RRd 0.49 0.34 0.23 0.12 0.18
V97 0.69633110 RRab 0.84 0.63 0.41 0.23 0.18
V99 0.29081360 RRc 0.35 0.34 0.20 0.10 0.07
V100=NV12 0.40571130 RRd 0.50 0.44 0.61 0.14 9.99
V101 0.40029370 RRd 0.45 0.37 0.24 0.13 9.99
V102=NV10 0.75942980 RRab 0.47 0.39 0.23 0.22 9.99
V103 0.36824040 RRc 0.71 0.57 0.35 9.99 9.99
V107=NV2 0.41655540 RRc 0.39 0.60 0.56 9.99 0.30
V109=NV14 0.29933962 RRc 0.40 0.36 0.53 0.13 0.11
V115=V163 0.55384770 RRab 0.84 0.66 0.60 0.18 1.07
V116=NV5 0.61370390 RRab 1.11 0.81 0.63 9.99 9.99
V118 0.29998950 RRd 0.52 0.62 0.48 0.16 0.59
V120=NV7 0.21925426 RRc 0.42 0.40 0.53 9.99 0.07
V129 0.68312140 RRab 0.70 0.59 0.29 0.56 9.99
V130 0.63873860 RRab 0.71 0.60 0.49 0.06 0.08
V131 0.37735220 RRc 0.46 0.36 0.45 9.99 9.99
V137 0.53883280 RRab 0.45 0.71 0.77 0.10 9.99
V139=ZK44 0.32392536 RRc 0.64 0.97 0.99 0.31 0.15
V141 0.36444450 RRc 0.36 0.47 0.80 9.99 0.17
V144 0.29713829 RRc 0.20 0.22 0.22 9.99 0.16
V155=V176 0.60745590 RRab 0.64 0.63 0.30 0.23 9.99
V161=ZK39 0.57013230 RRab 0.76 0.67 0.60 9.99 9.99
V162=ZK18 0.73375160 RRab 0.74 0.53 0.58 9.99 9.99
V166=ZK22 0.36562620 RRc 0.43 0.54 0.76 0.43 0.14
V167 0.31921608 RRc 1.06 0.80 1.04 9.99 9.99
V169=ZK23 0.55485940 RRab 1.83 1.66 1.78 9.99 9.99
V172=ZK13 0.43167880 RRd 0.43 2.30 2.85 9.99 0.09
V173=ZK11 0.37685470 RRc 0.50 0.40 0.19 0.15 0.15
V175=ZK6 0.73511450 RRab 0.42 0.33 0.39 0.19 0.17
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Table A.11: continued
Name Period Mode B V I [3.6] [4.5]
V181=ZK14 0.40098170 RRd 0.23 0.38 0.09 0.18 0.11
NV3 0.42101900 RRd? 0.40 0.31 0.33 9.99 0.57
NV6 0.39088320 RRc 0.48 0.38 0.26 0.19 0.15
NV8 0.63180200 RRab 0.32 0.15 0.08 9.99 9.99
NV9 0.38627690 RRc 0.65 0.26 0.40 9.99 9.99
NV11 0.41753840 RRd 0.60 0.45 0.23 0.32 0.26
ZK3 0.62134020 RRab 0.33 0.25 0.31 0.10 9.99
ZK4 0.38283770 RRc 0.57 0.49 0.32 9.99 0.08
ZK5 0.36467370 RRc 0.53 0.80 1.34 0.08 9.99
ZK34 0.29769687 RRc 0.56 0.38 0.61 9.99 9.99
ZK63 0.28766224 RRd 0.30 0.20 0.20 9.99 0.05
ZK67 0.57094690 RRab 1.31 0.98 0.55 9.99 9.99
ZK69 0.70335000 RRab 0.49 0.46 0.36 0.12 0.09
ZK74 0.32108390 RRc 0.68 0.54 0.41 0.17 9.99
ZK78 0.42510510 RRc 0.48 0.41 0.26 0.14 9.99
ZK80 0.38728920 RRc 0.59 0.57 0.71 0.19 9.99
Table A.12: Pulsation amplitudes for RRL in the cluster M14
Name Period Mode B amp V amp I amp [3.6] amp [4.5] amp
V3 0.52241590 RRab 0.76 0.58 0.35 0.14 0.13
V4 0.65132320 RRab 1.25 0.93 0.59 0.32 0.64
V5 0.54879090 RRab 1.43 1.16 0.71 0.22 0.29
V8 0.68606820 RRab 0.76 0.54 0.36 0.17 0.23
V9 0.53881310 RRab 1.36 1.03 0.69 0.27 0.19
V10 0.58592570 RRab 1.23 0.94 0.54 0.25 0.27
V11 0.60443510 RRab 1.49 1.17 0.75 9.99 9.99
V12 0.50396750 RRab 1.51 1.15 0.73 9.99 9.99
V13 0.53521990 RRab 1.39 0.98 0.58 0.14 0.14
V14 0.47201510 RRab 1.41 1.06 0.65 0.25 0.34
V15 0.55772920 RRab 1.40 1.10 0.72 0.26 0.34
V16 0.60062200 RRab 1.06 0.71 0.38 0.10 0.07
V18 0.47903370 RRab 1.24 0.92 0.63 0.31 0.44
V19 0.54568030 RRab 1.49 1.14 0.73 0.39 0.33
V20 0.26352990 RRc 0.62 0.47 0.30 0.11 0.17
V21 0.31887490 RRc 0.57 0.41 0.23 0.09 0.09
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Table A.12: continued
Name Period Mode B V I [3.6] [4.5]
V22 0.65591380 RRab 1.08 0.80 0.54 0.27 0.27
V23 0.55232880 RRab 1.27 0.98 0.59 0.31 9.99
V24 0.51989620 RRab 1.44 1.06 0.68 0.31 0.29
V25 0.36070930 RRc 0.49 0.39 0.21 9.99 0.11
V30 0.53422230 RRab 1.54 1.16 0.75 0.28 0.68
V31 0.61963580 RRab 1.25 0.92 0.62 0.34 0.18
V32 0.65597380 RRab 1.06 0.80 0.54 0.24 0.36
V33 0.47996270 RRab 1.35 0.98 0.62 0.20 0.22
V34 0.60662020 RRab 1.03 0.77 0.47 0.18 0.24
V37 0.48903910 RRab 1.13 0.80 0.48 0.27 0.14
V38 0.50845210 RRab 1.51 1.17 0.80 0.32 0.10
V39 0.57601400 RRab 1.38 1.07 0.68 0.44 0.55
V41 0.25934640 RRc 0.43 0.37 0.27 0.43 0.12
V42 0.63109780 RRab 0.74 0.61 0.44 0.43 0.29
V43 0.52173340 RRab 1.36 1.08 0.77 0.35 0.32
V44 0.28942310 RRc 0.56 0.43 0.25 0.09 0.19
V46 0.33261290 RRc 0.51 0.40 0.24 0.08 0.03
V47 0.87698700 RRab 0.59 0.44 0.30 0.16 0.21
V48 0.46783320 RRab 1.71 1.35 0.91 0.43 0.37
V49 0.64147940 RRab 0.51 0.29 0.14 0.10 0.06
V51 0.26880010 RRc 0.47 0.35 0.25 9.99 0.12
V55 0.33753450 RRc 0.57 0.44 0.26 0.82 0.12
V56 0.34112310 RRc 0.61 0.45 0.30 9.99 9.99
V57 0.56685610 RRab 0.94 0.71 0.44 0.33 0.31
V58 0.41792750 RRc 0.49 0.37 0.22 0.10 0.11
V59 0.55564080 RRab 1.27 0.98 0.48 0.18 0.23
V60 0.57887350 RRab 1.23 0.95 0.55 0.13 0.26
V61 0.56983380 RRab 1.04 0.78 0.46 0.23 0.19
V62 0.63845940 RRab 0.53 0.40 0.23 9.99 9.99
V68 0.50722030 RRab 1.55 1.16 0.72 0.28 0.21
V70 0.60468070 RRab 1.33 1.00 0.65 0.87 0.44
V75 0.54528370 RRab 1.53 1.25 0.76 0.41 0.24
V77 0.79215000 RRab 0.58 0.41 0.29 0.21 0.23
V78 0.31025140 RRc 0.51 0.37 0.22 0.12 0.13
V79 0.55986670 RRab 1.27 0.98 0.56 0.26 0.23
V80 0.31581020 RRc 0.51 0.39 0.25 0.16 0.11
167
Table A.12: continued
Name Period Mode B V I [3.6] [4.5]
V86 0.31966140 RRc 0.52 0.40 0.24 0.35 9.99
V88 0.31314670 RRc 0.58 0.43 0.26 0.11 0.08
V90 0.35125400 RRc 0.51 0.37 0.21 0.03 0.07
V94 0.26026880 RRc 0.16 0.16 0.10 0.28 1.13
V95 0.35949490 RRc 0.56 0.40 0.23 9.99 9.99
V96 0.25247700 RRc 0.44 0.35 0.22 0.20 0.40
V98 0.25777440 RRc 0.48 0.38 0.24 0.17 0.10
V100 0.26128030 RRc 0.46 0.35 0.22 0.89 0.58
V104 0.26220450 RRc 0.23 0.19 0.15 0.08 0.09
V105 0.27938690 RRc 0.67 0.50 0.34 0.11 0.22
V106 0.54702757 RRab 1.21 0.95 0.54 0.28 0.21
V107 0.29496280 RRc 0.58 0.44 0.25 0.37 0.11
V108 0.26208580 RRc 0.42 0.30 0.24 0.48 0.23
V109 0.65624400 RRab 0.56 0.39 0.21 0.20 0.24
V110 0.30122680 RRc 0.53 0.41 0.23 0.11 0.09
V111 0.72041570 RRab 0.87 0.60 0.37 0.35 0.22
V113 0.20448462 RRc 0.12 0.09 0.05 0.05 0.07
V114 0.33542110 RRc 0.20 0.19 0.14 0.09 0.12
V115 0.25183920 RRc 0.23 0.12 0.06 0.08 0.04
V116 0.25228710 RRc 0.42 0.30 0.17 0.18 0.12
V117 0.33947510 RRc 0.59 0.46 0.28 9.99 9.99
V118 0.38051100 RRc 0.54 0.40 0.22 0.08 0.12
V119 0.33325760 RRc 0.40 0.24 0.18 0.06 0.09
V122 0.55881410 RRab 0.93 0.63 0.38 0.26 0.18
V123 0.28446440 RRc 0.38 0.28 0.22 0.21 0.15
V124 0.56979200 RRab 0.65 0.48 0.24 9.99 9.99
V126 0.29423330 RRc 0.23 0.15 0.07 0.09 0.09
V127 0.29855480 RRc 0.40 0.33 0.25 0.36 0.20
V128 0.39267040 RRc 0.42 0.43 0.15 0.14 0.57
V129 0.27961010 RRc 0.28 0.35 0.53 0.10 0.11
V130 0.59583260 RRab 0.79 0.58 0.33 0.17 0.22
V131 0.26968920 RRc 0.39 0.25 0.27 0.39 0.12
V132 0.48220730 RRab 1.58 1.33 0.89 0.14 0.06
V133 0.30303020 RRc 0.59 0.45 0.27 0.16 0.37
V135 0.33851000 RRc 0.53 0.42 0.21 0.35 0.44
V136 0.33006850 RRc 0.63 0.40 0.27 0.20 9.99
168
Table A.12: continued
Name Period Mode B V I [3.6] [4.5]
V137 0.27620690 RRc 0.57 0.48 0.36 9.99 0.15
V138 0.37112790 RRc 0.50 0.37 0.19 0.04 0.13
V139 0.27196070 RRc 0.48 0.37 0.23 0.13 0.46
V140 0.76086660 RRab 0.56 0.39 0.29 0.24 0.23
V141 0.64312390 RRab 1.07 0.78 0.48 9.99 0.36
V142 0.46174160 RRab 1.45 1.07 0.59 9.99 9.99
V143 0.31849090 RRc 0.54 0.42 0.24 0.47 0.13
V144 0.37581240 RRc 0.47 0.31 0.24 0.09 0.06
V145 0.30032420 RRc 0.48 0.36 0.21 0.09 0.13
V147 0.32975750 RRab? 1.32 1.00 0.44 9.99 9.99
V148 0.26516690 RRc 0.40 0.31 0.17 0.19 0.11
V150 0.80276990 RRab 0.71 0.53 0.32 0.26 0.21
V153 0.26483400 RRc 0.33 0.26 0.18 0.38 0.53
V154 0.25499480 RRc 0.50 0.40 0.24 0.14 0.15
V157 0.26259780 RRc 0.60 0.48 0.30 0.32 0.47
V158 0.72209030 RRab 0.25 0.19 0.16 9.99 0.34
V159 0.28960700 RRc 0.57 0.44 0.27 0.38 0.31
V160 0.34026960 RRc 0.62 0.47 0.30 0.09 0.25
V163 0.29034320 RRc 0.61 0.47 0.28 9.99 9.99
V164 0.33256640 RRc 0.62 0.46 0.26 9.99 9.99
169









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure B.47: Optical and MIR light curves for the stars V85=V168, V87=NV13, V88, V89, V90,















































































































































































































































































Figure B.49: Optical and MIR light curves for the stars V100=NV12, V101, V102=NV10, V103,











































































































































Figure B.50: Optical and MIR light curves for the stars V115=V163, V116=NV5, V118,
































































































































Figure B.51: Optical and MIR light curves for the stars V131, V137, V139=ZK44, V141, V144,











































































































































Figure B.52: Optical and MIR light curves for the stars V161=ZK39, V162=ZK18, V166=ZK22,














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure B.73: Optical and MIR light curves for the stars V157, V158, V159, V160, V163, and V164
in M14.
